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ABSTRACT 

Tn this work several oxidation-reduction and 
complexation reactions in acetonitrile or acetonitri le-water 
mixtures were investigatede The thesis is divided into four 
partse In the first part the reduction of water-insoluble 
eromatic nitro compounds with coulcometrically generated 
chromium(III ) was studied. Samples were dissolved in 
acetonitrile or in a mixture of acetonitrile-water or 
ethanol-water. Constant-current potentiometry was chosen for 
end-point detection in the coulometric titrations because it 
gives excellent potential changes at the equivalence pcecint 
for systems involving one reversible and one irreversible 
couple as were encountered in a thes worke Samples of the 
order of 90.2 to 0-5 mnicromole could be determined with about 
one precent precision and Accuracy Lor a number of 
Ssubstances35 ethers reacted too slewly to permit direct 
determinatione Reduction was in most instances ta either the 
corresponding hydroxylamines or amineése 

The second part reports studies of oxidation of 
ferrocenes, thiols and other compounds with coulometrically 
eenerated couper(II) in acetonitrile. Copper( II) was 
generated at 100% current efficiency from sclutions of 
copper(I) perchlorate in acetonitrile.e Micromolar quantities 
of ferrecene and several alkyl-substituted ferrocenes were 
determined with high precision and accuracye The scope for 
coulometric procedure for the determination of thiols, 


thiourea, anc tetramethylbenzidene appears more limited than 


iv 


= yp 7 
ven ed ye bereniio he WORN Devaver Aone rer 


Ararat bot 4ne? oe" a atlas type wie n rote, 
oe : Sh 


vovt efnt reetaty af save hl shape sanewt vee 


~ 


‘ 2s wi «wee ae 
olernnnd< ews ke Fo TOL? aewes ad ia a hae at! ; 


oy 


| ePihate +ayisin dhle @vrodereo \Getir inh? mene ew 


j 
a 4 . | ie - 
a3 +aytouett ex ae, Dye az gta tet o" ‘ fen toouse, 


; ‘ Th ef by etaeerteas 
F 73 sstan~ vi oy eRe +a ro waoraie mt + 
aot weediis’ «eu patemolfawre 6 phariiy 2 “8 4 aeres viefev> Sanonee > 


= 


; “<j | . : 4 wefeseben trie 
o£ Stine & 6) a? 6% 2 eS ee eure AZ soles! re a 7 


> 
= 
— 
Pejen 264°. UVa na | 


i> —7n USSoer> bee “wee ao Tus J sawne eavty, * 


+) ae 


steiacreess i ve yoae obtlateren ea nuivieval i ne Saye 702. 


vate *) enr.lenee ~eow kill ce : pA tw) e294 S198 7« Cs 


~ ! 


Fane | S 
E ed, : 7 - 
tine aeii-s ca isa ao oo nh dane >A wrg? O34 2, o* sa’ To Sonte'<: 


- ‘ 
co S84ecq. » Ot sadtesoe, ae - dees. foenese: | Gee 


ae 


; : . a) 
os - ae | 
Peon) sissea st cvlwoale rid. WOO Geen, etenrs ieeonnl rdw 


i 
‘ 


ear enyi2 ia oF o* anten) 2%. 41 Pet me t+ oni bat - one} cart 


me on. . uated Reva es acniok eecaees bute ere, 
1? ‘'mita ino ro sv ibu?e ~ IA8eas ie knows ong 7 
rs i ey %i ; 


“ehiootstanrlung 74% say red. Aeteio He adoiae \~eoree 
we Citivegdes pghievinetss, al “tt? hevewe 


: ‘YH edoieuins” wat ently Pat's a. rnersiaty eOOr te: 
2 a 


¢ 


‘a asin tobe “aatopen nal sahavtnndtesa eu esavent? 


mak wong ouqam | sodert Piety ntied fa: aati ve 
ae thts, Cae oat wall 


‘e 


does the direct titratione 

In the third part a study is described of the 
potentiometric titration in acetonitrite of the ions of 
transition metals and alkaline earths in solutions of about 
Lom My both individually and in mixtures, with 
ethylenediamine (en), diethy lenetriamine (dien), and 
triethylenetetramine (trien). The polyamines were selected 
as titrants because of their stability and the solubility cf 
the corresponding metal complexes in acetonitrile. A number 
of metal ions could be determined quantitatively with these 
amineSe For these complexation titrations in acetonitrile a 
variety of indicating electrodes -- platinum, copper ion 
selective electrodes, carbon red, Ssilver-silver ion and 
mercury-en or mercury-trien -- were investigatede Platinum 
was found to be superior to eny of the other indicating 
electrodes investigated; it was simple and eesy to use, and 
gave sharper and larger potential breaks for most of the 
systems studiede This is the first known report of platinum 
as an indicating electrode for conplexation titrationse 

The fourth part reports the spectrophotometric 
determination of the stability constants cf copper(II) with 
en and dieny the spectrophotometric determination of tte 
stability constants of copper(I) with phenanthroline and 
bipyridine, and the potentiometric determination of the 
overall formation constants of copper(I) with en, dien, and 
trien, all in acetonitrile. In general the stability 


constants measured in acetonitrile are smeller for both 


copper(II) and copper(I) comvnlexes of the amines than are 
the corresponding values in watere Tris indicates that 
acetonitrile interacts mo re strongly with the copper ions 


than does watere 
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Ie INTRODUCTION 


The usefulness of aromatic nitro compounds in a variety 
of commercial products and as intermedietes in chemical 
synthesis makes the determination cf this functional group 
of broad interest (1,2).¢ Analytical methods for the nitro 
group have centered on reduction either to the corresvonding 
amine or to one of several intermediate oxidation states, 
generally either polarographically (3) or by addition of 
excess standard reductant, usually Ti3t or Cr2@t*, and beck 
titration of the excess with a standard oxident (4,5)-« Some 
direct titrations have been investigated in a limited way 
(6). Polarographic methods tend to lack precisicn and 
require careful calibration curves, while indirect 
titrimetric methods necessitate storage and handting of 
oxygen-sensitive solutions. 

Electrochemical generation ef strong analytical 
reductants by constant~current coulometry eliminates 
calibration curves, and avoids the difficulties of handling 
and standardizing oxygen-sensitive solutionse High precision 
is possible, and analyses can be performed on microsamplese 

The technique of coulometry is reviewed briefly in the 
following sectione This is followed by a survey of the 
electroreduction of nitro compounds, and then by the 
application of constant—-current coulometry to the 


determination of nitro compounds. 
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Ae Scope of Coulometry 

The term coutometry applies to those techniques which 
are based on measurements of the coulomb (the product of 
current and time)e In an electrolytic cell in which a metal 
ion or a compound is to be determined by measurement of the 
product of the current and time, either constant current or 
controlled potential can be used. If a constant current is 
applied to the cell, the potential must vary as governed by 
concentration of the electroactive epecies through the 
Nernst equatione As electrolysis proceeds, the potential 
difference between the generating cathode and anode 
de Dee as the concentration of the generated species 
increaseSse Thus Suse in the reduction of an electroactive 
species a second reducible component such as a metal ion or 
other substance is present, it too will eventually enter 
into the reaction and current will be used for its reduction 
as well as for the sample speciese On the other hand, if a 
constant potential is used, the current decreases 8S a 
function of time due to the decrease in the concentration of 
the current cerrying species in solutione This slows the 
reaction, but eliminates interference from competing 
reactions that might occur at higher pctential. 

Both techniques are commonly used in analysise 
Constant-current coulometry is used primarily for 
coulometric titrations where high precisicn and accuracy are 


sought, whereas constant—-potential coulometry provides the 


selectivity of potential control, but with somewhat less 
precision and accuracye It is important to note that 
quantitative coutlometric measurements do not need standard 
solutions for calibration, since the coulometer is 
internally calibrated by measuring the current-time producte 
The purity of a substance can be calculated from the 
following equation 
%® purity = 100 x itM/nFW (1) 
where i is the value of the current in amperes used in a 
coulometric titration; t is the time cf current flow in 
seconds; M is the atomic, molecular, or formula weight of 
the substance being determined; n is the number of 
equivalents per mole of substance; F is the faraday; and W 
is the mass of the sample being titratede Tre values of i 
and its can be determined accurately, often to within a few 
parts in a millione F and, in most cases, M also are Known 
with high accuracy. If a large enough sample is taken, W can 
also be determined to within any desired level of accuracye 
Therefore it would seem that constant-current coulometry 
provides a way of assaying a substance relatively 
conveniently to an accuracy of as much as a few parts in a 
miltllione The greatest variability in highly precise work 
usually arises from the uncertainty in atomic weights. 
For quantitative analysis by constant-current 
coulometryy, four criteria must be satisfiede First, an 
appropriate solvent-solute system must be found which can 


provide a medium that will allow electrochemical generation 
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of the desired titrant speciese Second, a current Level must 
be chosen such that the current density i/A, where A is the 
surface area of the generating electrode, is sufficiently 
low to ensure 100% current efficiencye Third, appropriate 
instrumentation for generation of constant, reproducible 
currents and for accurate measurement of times cof current 
geeneration must be available. Finally, a method for 
end-point detection must be selectede In practice 
coulometric titrations are closely parallel to classical 
volumetric titrations except that the buret is replaced by a 
current generator and a working electrode -- it is in effect 
a titration with electrons. 

Constant-current coulometry is capable of higher levels 
of accuracy and precision than most volumetric or 
gravimetric methods (7 )e This is especially true for the 
determination of very small samples (Ug range and lower). In 
LSaSS4 Taylor and Smith (8), working at the National Bureau 
of Standards, proposed that constant-current coulometry 
could be a suitable technique for the essay of primary 
standard materials, and outlined several advantages that 
recommend its applicatione Titrant can be added at any rate 
desired by methods that are more convenient than those 
required to dispense a standard solutione Since standard 
solutions are not requiredy the uncertainties associated 
with determining their composition are elimineatede 
Applications of constant-current coulometry to the assay of 


several standard substances thas shown this technique to be 


one that is capable of high precisione It has been employed 
to provide a chemically measured value for the Faraday that 


is widely accepted, 96,487.00 + 1.6 coulcmbs (9). 


Be Electrochemistry of Aromatic Nitro Groups 

The reduction of aromatic nitro compounds on cathodes 
with a high hydrogen overvoltage occurs by stepwise addition 
of protons and electrons to the nitro group (10-13). The 
electrochemical reduction Lim an acid medium can be 


represented as follows: 


RNOo + 2H+t + Qe —=—> RNO + E30 (02) 
RNO + 2H*t + 2e =—> RNHOH (3) 
RNHOH + 2Ht + 2e ——> RNHo + Ho0 (4) 


As a rule, it is not possible to isolate the nitroso 
compound produced in equation (2) because it is more readily 
reduced to the hytroxylamine at the cathode than is the 
initial compourde Therefore equations (2) ard (3) are often 
combined in one equation as: 

RNOs + 4e + 4H*+ ——> RNHOH + H20 (5S) 

Thus, the electrochemical reduction of aromatic ritro 
compounds in acid media is as a rule treated as a two-step 
electrochemical reduction in whick four pretens and four 
electrons are added to form hydroxylamires which are 
subsequently reduced under appropriate conditions to the 
corresponding aminese Each of these stages takes place in a 
definite cathode potential range » and each is extremely 


sensitive to a number of variables (14). Several of these 


are discussed in the following sectionse 


Effect of pH of the Medium 

The PH of the electrolysis solution plays an important 
role in determining the nature of the reduction product of 
nitro groupSse Under acidic conditions the products are 
generally thydroxylamines, amines, and substances derived 
from their rearrangements (eee, pr-aminophenotl from 
hydroxylamine) (15,16). Under basic or neutral conditions 
(using a high overvoltage cathode) the products are 
generally formed from~- bimolecular reaction of reduction 
intermediates (17,18), as in equation (6). 

i 


RNG + RNHOH --> R-N=N-R + Ho20 (6) 


Nature of the Electrode Material 

Reduction is more advanced on cathodes with a high 
hydrogen overvoltagee Under certain conditions the 
electrochemical reduction of aromatic nitro compounds on 
mercury, lead, zincy tin and certain alloys of these 
materials yields the corresponding amines in almost 
quantitative yields, whereas arylhydroxylamines are obtained 
if the cathodes are made of nickel, graphite, carbon, or 


platinum (14). 


Current Densities and Electrode Potentials 

It is difficult to lay down consistent rules concerning 
the effect of current density on the yield of arylamines 
formed during the electrochemical reduction of aromatic 
nitro compoundse Khomutov et aley reported that the yield cf 
metanilic acid obtained by electrochemicat reducticn of 
nitrobenzene-m—-sulfonic acid in a sulfuric acid medium on 
nickel, irony, steel (192), ptatinum and copper (20,21) 
decreases with an increase in the current density, while 
with zine cathode the current yield of metanilic acid 
remains constant and quantitative (19) over ea fairly wide 


range of current densities (0.002 - 0.04 A/cm@). 


Nature of Medium 

Electrolytes used in the electrochemical reduction of 
aromatic nitro compounds in an acid medium include sulfuric 
acid, hydrochloric acid, a mixture of one of these acids 
with its salty, acetic acid and acetates (22-24). The 
concentration of mineral acid should not exceed the values 
at which these acids can participate in the substitution 
reactions in the benzene ring. For example the reduction of 
nitrobenzene in concentrated hydrochloric acid can afford 
the o- and p-chloroanilines (22). When ethanol is used under 
acidic conditions (H2S0Oq4) the p-aminophencl is esterified to 
afford p-phenetidine (25,26). If the reactior is carried out 


in fuming sulfuric acid, the pr-aminophenol can be 


‘ : / Ow” : ia 


gokedesas2 aet'bs sigh Biri ve eat s¢ dies = +t 


edeiapt¢se! tel nielt 69 no wghiehep. seotse (Th ondtte i. 


viremia Yo ns id Saptiey Pesto 30477859 any plum, 
‘po bISEs wy +aus Sa¢eaass er bg ee votese a .ehonseee>? a 


9° abenenne? Jez an’ issditos{e 6. panretde bic® vitede ; 
ng fo 


ivet lve ge vossnedar et ke 


wy eulbewm bios yeeted dare a Fr, bisa - 


(SS505) teqons) ond, ough ede yt?ls isate nesi atonsin 


sibde otf lei Paysage *ét nf eaeensedi nie ae secuaneer? 


jinn oR) daeren To) BRI WFR 44> = pds enodias - 3049 weber 


aobe G34 heh: 2. eve (AE) eettaritycr, Son | Peerene® erines.. 


etna Bi. ¢ S10..09 -aitienob ¢o919e9) 20. egaar 


eine tue aan 


So wosfouchesd lap Vos Sant sed6 aii% abi «deen  wetrg ~* eal <a 
i} : f 


Ve 


Sisnuttey‘sodlaxrk owl ten bio se na Jtabirqns 5 ere Poly oF ROOT | 
eviae waar ‘to 3110 ‘=p | Pes eim SB. u4 Biot - 10) 209 a: gee 
anti ,UbiyeS ¥ ab oe don hie - aire sh ¢ete | 2 *ign are or is 
«uate 46% bee see ton Bevote ui- 1 famanae tv ay 
mek TF EF actor aur aaah. i53 Wubay. veont ca 
he nettaunes ant - ss qmeKe ae want aoe sae wut ak = 


trette asp vias abiolinsigya batanhin 340 ai: 
yene em mt Ipemirn = aie aia mee atiee 


sulphonated to give 2-hydroxy-5-aminobernzenesulfonic acid 


(27). 


Temperature of Electrolyte 

Systematic studies of the effect of the electrolyte 
temperature on the course of electrolytic reduction of nitro 
compounds, and on the yield of products, are scantye 
According to Izaryshev and Fioshin (28), who studied the 
electrochemical reduction of nitrobenzoic acid on cathodes 
with a high hydrogen overvoltege (lead, tin and lead 
amalgams), the yield of aminobenzoic acid increases when the 
temperature is raised from 20 to 40°C. At higher 
temperatures the yield of aminobenzoic acid no tonger 


depends on the temperatureée 


Ce Chromium( II) Generation by Constant-Current Coulometry in 
the Determination of Nitro Compounds 

As mentioned previously constant—current coulometry has 
several advantages over other electroanalytical methodse It 
was therefore decided to investigate the use GE 
coulometrically generated chromium( {[1I) for the determination 
of water-insoluble aromatic nitro compounds because this 
reagent is one of the strongest Known reducing agents for 
nitro compounds, and because it can be generated 
quantitatively from solutions under controtled conditions, 


as described in the experimental parte The slow rate of 
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generation of chromium(III) from the trivalent ien hes 
precluded its usee This problem was solved by use of 
CrBr( H20)st*+ as reagent, for from this species chromium(III ) 
can be generated rapidly and quantitatively at a mercury 
cathode in strongly acidic solutions (29)-e Nitre compounds 
coulometrically titrated to amperometric end points with 
about 1% accuracy by this reagent include p-nitrophenol, 
p-nitroeaniline, and o-, m-»y and p-nitrebenzoic acid (29,30). 

We became interested in determining whether this method 
could be extended to the direct determination of other nitro 
compounds, especially if water-insoluble. The following 


three chapters report on the scope of the metiiode 
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{Ile EXPERIMENTAL 


Ae Chemicals 

Chromium( II!) bromide (K & K Laboratories) was washed 
twice with ethyl ether, the excess ether removed by suction 
and the solid dried under vacuume This material yields 
CrBr( H20)s5t* on dissolution in water (29). A solution 0.1 M 
in CrBr( H20)5tt and 1.5 M in HCl was prepared for use as the 
catholyte in the coulometric celle o- and m-Nitrotoluene 
(Eastman Organic Chemicals) and nitroethane (Je Te Baker 
Chemical Coe) were distilled under vacuum end the middle 
portions of the distillates usede The following compounds 
were recyrstallized from ethanol until melting points within 
ef: 1°C of revorted values were obtained: p-aminoazobenzene 
and 4-nitrophthalic acid ( British Drug House ); 
p-nitrotoluene, 1l-nitronaphthalene, p-nitrobiphenyl, 
e-nitronhenol and 2,4-dinitroanisole (Matheson, Coleman and 
Bell, MCB)e m-Nitronohnenol (BDH) was recrystallized from 1 M 
HCl, p-nitrobenzoic acid (Eastman) from water, azobenzene 
(Eastman ) from 12:1 MeOH:H20O, and p-nitrophenol (Fastman ) 
from benzenee o- and m-Nitrobenzoic acids (Aldrich Chemical 
Coe) were analyzed by pnotentiometric titration with standard 
NaOH and found to be 99.6 and 99.0% puree Sodium nitrite (J. 
Te Baker), S-nitro-1-napthylamine (Eastman ) and 
o-nitroanisole (Eastman) were used as receivede Acetonitrile 
(MCB) was’ purified by distillation from calcium hydride. 


Cnly the middle fraction was retainede 
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Be Apparatus and Procedure 

A constant-current coulometer designed and built in the 
electronics shop of the Department of Chemistry, University 
of Alberta, was usede The design incecrporates several 
features that provide excellent current stability. The 
output from a Kepco Model OPS 500 power suprly was passed 
through a sensing resistor (General kadio precision 
resistor, Type 1440), the voltage drop across the resistor 
being monitored and maintained constant by means of a 
feedback circuit as outlined in Figure 1. The resistors 
labeled Ri, Rf, and ks in the figure were placed ina 
polystyrene-insulated plug-in module on the front of the 
instrumente This arrangement minimized short term 
temperature changes in these three resistances; also, since 
Ri and Rf were located near each other the ratio of their 
values, which must be kept constant for precise current 
regulation, was Little affected by temperature changese 
Three plug-in modules provided a choice of 20, Sy or O65 mA 
currente The control unit was designed to allow manual 
starting and stopping of the current in conjunction with a 
digital clock which indicated elapsed time to the nearest 
O-.i sec, and also had provision for automatic shut-off of 
the current when the potential between the indicating 
electrodes reached a preset value. 

The stability of the current provided by this 
instrument is excellente For example, current variation with 


the 20 mA module was less than 0.01% over three hours, and 
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less than .05% over 24 hourse These tests were run with 
output loads varying between 0 and 1000 ohms both upon 
completion of the instrument and again after several months 
of usee 

The titration vessel was a borosilicate H-cell with a 
150-mL cathode compartment and a 60-mlL anode compartment 
Similar to that described by Bard and Petropoulos (31)e It 
is represented in Figure Die Samples were introduced as 
approximately millimolar solutions by typodermic syringe 
through a rubber serum cape The quantity of sample taken for 
each titration was obtained by weighing the syringe to the 
nearest mg on a top-loading balance before and after sample 
introductione The mercury pool cathode, 19-6 cm? in areay 
could be introduced or withdrawn through a side arm 
connected by Tygon tubing to a mercury reservoire The 
cadmium rod anode was placed in a tube with a fine glass 
frit at one end to separate it from the bulk anode 
compartment, which in turn was separated by a second fine 
Beal Ge and an agar-KCl salt bridge from the cattode 
compartmente Both the fritted tube and the bulk anode 
compartment contained 0.01 M HCL in 1 M KCl as analytee A 
current of 19.995 mA was used for all titrations, this 
approximate level having been reported previously to be 
optimum (29)- Nitrogen, passed through two wash bottles of 
O.1 M chromium(II) or vanadium( II) chloride in 04.1 M HCL 
over amalgamated zinc, was used to remove oxygen from the 


solutions in the H-cell.e The same results were obtained 
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reservoir 


To waste 


Coulometric cell and electrodese Ay mercury pool 
generating cathode; By, cedmium rod eeneratire 
electrode; Cy, platinum wire indicatirg 
electrodes; D, fine glass frits; Ey, 
agar-potassium chloride plug; Fy, magretic 
stirring bar. 
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whether chromium(III) or vanadium( II) was used. 

The indicating electrodes were a pair of platinum wires 
approximately 2 mm in diameter and 1 cm long, spaced about 
1 cm aparte A Fisher Model 520 Accumet pH meter was used to 
provide a 10-HA current between the irdicator electrodes and 


to measure the potential difference. 


Ce Procedure 

For each run approximately 60 mL of freshly prepared 
supporting electrolyte OQO.1 NM in CrBr(H20)5tt and 1.5 M in 
HCl were placed in the cathode compartment and the solutions 
in both the anode and cathode compartments of tke cell were 
deaerated with nitrogen for 15 minutese The intet was then 
raised so that the nitrogen stream was directed over the 
surface of the catholyte and the mercury pool was introduced 
into the cell by raising the mercury reservoire A magnetic 
stirring bar on the mercury pool stirred both the catholyte 
and the mercury sur facee A blank was run by generating 
chromium(III), continuously at first and then in increments 
pitted to 5 seconds near the end point, until a small excess 
was presente Potential and time readings were recorded just 
before and beyond the end pointe A portion of sample 
solution then was injected and chromium(III) generated again, 
with time and potential readings recorded as for the blanke 
The readings were plotted and the end points located by 


linear extrapolation (Figure 3). 
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The amount of chromium(III) generated past the end point 
depended upon the compound being determinede With sharp end 
points, as with o-nitroanisole, only about 0.2% Excess wes 
needed; for 4-nitrobenzoic acid about 30% was necessarye In 
each case successive runs were performed by addition of 
samples to the chromium(III) remaining in the cathode 
compartment from the preceding samplee Sample solutions were 
approximately millimolar, and were always used within ea few 
hours of preparatione For water-insoluble compounds 
acetonitrile or a mixture of acetonitrile-water or 


ethanol-water was used as sample solvente 
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III. RESULTS 

The optimum conditions for the constant-current cculometric 
generation of chromium(III) from CrBr(H20)5*?+t thave been 
worked out previouslye The best solution concentrations were 
found to be Oel 4M for CrBr( H20)52+ and 125 Mb for HCl (29)3 
tre best current level was found to be 20 mA (32). 

Mononitra, dinitro and azo-ccompounds were titrated; the 
results eof the titrations are summarized in Table Ie The 
rate of reaction varied widely, with l-nitronaphtratene 
being the most rapide Cn the other hend,y under our 
conditions m-nitrophenot and 4-nitrogphthalic acid react 
stoichiometrically but too slowly to be attractive 
analytically, while nitroethane, nitrite ion ard azo-benzene 
react too slowly to be determinablee 1-Chloro-—4-nitrobenzene 
gave scattered results indicating a reduction of between 
four and five electrons per moltee 1-Nitro-2-nephthol gave 
results several percent low for a 6-electron reductione 
p-Nitrobiphenyl gave results that were 11 percent low for a 
4-electron reductione 

Censiderable variation was 2@ncountered in the number of 
ecamples that could be titrated successivety in a single 
portion of analyte solutione With o-nitroanisole six or more 
samples could be determined in one portion, with 
o-nitrotoluene five samples could be determined, while with 
4-nitrophthalic acid only one sample could be determined 
within a percente For most compounds two or three 


determinations could be run on one portion of analyte. In 
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portion gave erratic results and was used as a blanke 
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IVe DISCUSSION 


Aikens and Cartlita reported that o-nitrobenzoic acid 
undergoes 4-electron reduction to the hydroxylamine, while 
the mom and p-acids undergo 6-electron reduction to the 
amines (29). It was found in this work, however, that all 
three undergo only a 4-electron reduction. This is in 
agreement with the controlled potential coulometric results 
at a mercury cathode in dimethylsulphoxide ebtained by 
Lindbeck and Freund (33)-e Our values for tthe number of 
electrons involved in reduction elso agree with the results 
(Qae Lindbeck end Freund except for m-nitrophenol, where they 
report a 4 and we a 6-electron recuctione Bergman and James 
repor+ either 4- or 6-electron reduction for tte nitro group 
in a range of compounds at a mercury cathede in aqueous 
solution, depending on the potential apnlied (34). In most 
of the systems in which we cbhserved 4~electron reduction a 
slow potentiat drift at and past the 4-electrcn equivelence 
point indicated tha further reduction wes taking placee 
This suggests that part of the difference in the p-values 
found may reside in the time allowed for reaction3$ cell 
conditions, especially acidity, may also be importent. 

Lindbeck and Freund suggest that partial reoxidation of 
the reduced species by a component of the cell solution such 
as hydrogen ion may be responsible for positive errors in 


subsequent analyses carried out in the same solution (33)e-. 
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They propose that the process probably involves’ the 


following steps: 


o+t+ ne => R (7) 
R+ mS => Of + mS! (&) 
o' + me=—5 R (9) 


where equation (8) is the rate determining step, O is the 
nitro compound, and R is the corresponding reduced compounde 
of may or may not be the original oxidized state, and S may 
be a solvent molecule or a hydrogen ione 

o-Nitrotoluene undergoes a 4-electron reduction with 
accurate and sharp end pointse The method may be used to 
determine up to five samples in one aralyte portione 
m-Nitrotoluene undergoes a 4-electron reduction with 
accurate results, but only two samples can be daetermined in 
one analyte portione In contrast, p-nitrotoluene undergoes a 
less than 5-electron reduction with poor accuracy and 
precision because of the formation of small amounts of a 
bicyclic compound (35,36): 

CHo CH3 
2CH3CgHeNOo + 10e + I10H+ — > MPA De + 4H20( 10) 
Na Soe 

o-Nitroani sole undergoes a 4-electron reduction with a 
precise, accurate and very sharp end pointe The method can 
be used to determine six or more samples in one portion of 
analyte with all samples giving the same accuracy, precision 
and sharpness of end pointss The neighboring methoxy group 


may stabilize the hydroxylamine product through hydrogen 


bondinge 2,4-Dinitroanisole undergoes a 10-electron 
reduction; the ortho nitro group probebly is reduced to 
hydroxylamine while the para nitro group is reduced to the 
aminee It is possible to determine two samples only in cone 
pertion of analytee og-Nitrophenol undergoes less then a 
afi ae reduction and so chromium( II) reduction is not 
analytically useful because the reaction is net 
stoichiometrice m-Nitrophenol undergoes a 6-electron 
reduction but the reaction is extremely slew, tco slow tc be 
attractive as an analytical methcode p-Nitrophencl undergoes 
a 6-electron reductione In this system the first sample gave 
consistently scattered results, but subsequent scamples were 
satisfactorye Therefore the first semple in each fresh cetl 
solution was considered as a blank and not used ir the 
calculationse 

4-Nitrophthalic acid is reduced stoictiometrically ina 
4-electron process, though very slowlye 1-Nitrone phthatene 
undergoes a rapid 6-electron reduction with a sharp end 
pointe Up to three samples can be titrated in one portior of 
cell solution but, as with p-nitrophenol, it is best to use 
the first sample as a blanke S-Nitro-1l-naphthylamine 
undergoes a stoichiometric 5-electror reductione The 
reduction product was not isolated and identified; the 
stoichiometry corresponds to formation of a ccupled hydrazo 
especies: 
ist Jal 
ian 


2RNOo + 10Cr2* + 10H*t => R R + 4H5s0 + 10Cr3+ (hista) 
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Hydrazo products of electrochemical reduction of nitro 
E€roups are well known in alkaline solutions, but not in acid 
(14). 1-Nitro-2-naphthol gave results several percent low 
for a 6-electron reduction, perhaps owing to stabilization 
of the intermediate 1-nitroso-2-naphthol with chromium(III). 

Nitroethane reacts too slowly to be determinablee The 
analytical applicability of reduction of the aliphatic nitro 
compounds has not been studied as extensively as has that of 
the aromatic ones, mainly because of the instability of 
their reduction intermediates and also perheps because of 
the Limited use of these compounds and their products in 
organic synthesise The reaction of the nitrite ion, added as 
sodium nitrite, also was too slow for it to be determined by 
direct chromium( II) reduction under our conditions. 

Neither azobenzene nor pr-aminoazobenzene could be 
determined stoichiometrically by our methode The reduction 
is very slow in both casese Reduction is reported to lead to 
the formation of several products such as aniline, 
hydrazobenzeney, and benzidine (37); therefore tre lack of 
stoichiometric reaction was not unexpectede 

1-Chloro-4-nitrobenzene undergoes reduction 
corresponding to between 4 and 5 electronse Interaction 
between this compound and its intermediate reducticn 
products and mercury has been reported (38), and is likely 
responsible for the nonstoichiometric results observede 

Constant-current potentiometry was chosen for end-point 


detection in this study because it often gives excellent 
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potential changes) at the equivalence point for systems 
involving one reversible and one irreversible couple, as are 
encountered in this work (39). Examples of a set of 
successive titration end-point ptots in the same analyte 
solution are shown in Figure 3 for o-nitroanisole, wtrere 
reduction is clean and stoichiometric, and 4=-nitrophthalic 
acid, where the end points are successively more drawn out 
and slopinge Satisfactory results are obtained, even in 
those cases where slopes are severe, if a straight line is 
drawn through the two or three steepest points past the 
equivalence point so as to intersect with a horizontal line 
drawn through the two or three points corresponding to the 
highest potential observed prior to the end pcecinte 

In summary, samples of the order of 0.2 see) (OG S 
micromole can be determined with about 1% precision and 
accuracy for a number of substances; others reacted too 
slowly to permit direct determinatione Reduction was in most 
instances to either the corresponding thydroxylamines or 
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PART II 


STUDIES OF OXIDATION WITH COULOMETRICALLY GENERATFD 


COPPER( II) IN ACETONITRILE 


QT eet iw Tata ie rie: fen Wriw HOoITaAcl so 


de29tixnzabh Wa Vue 89 39% 


Ve INTRODUCTION 


The simplicity of synthesis and ease of purification of 
ferrocene, the stability of its solutions and the easy and 
reversible oxidation of ferrocene to the blue ferricinium 
ion have resulted in much study of this compound as an 
analytical reagente Its official chemical name is 
dicyclopentadienyliron, Fe(CsHs5 )oe In the last five years, 
ferrocene has been widely investigated by several Russian 
workers as an analytical reagent for the potentiometric 
determination of iron in alloys (1%, and for tte reduction 
eof silver(I) (2), both by titration in orgenic-aqueous 
mediae Other applications of ferrocene and its derivatives 
have been suggestede For example, ferrocene has been 
proposed as an entianemic agent (3), and addition of 
1,1!-diethylferrocene by 0-05 to 5 weight percent to diesel 
fuel is reported to decrease soot formaticn by 50 to 60 
percent (4). Also, to obtain uniform discoloration and to 
decrease the color of polyethylene, ferrocere can be added 
at a level of 0-905 to 0.35 wt % to the compound (&). 

Copper(II) in acetonitrile is a useful reagent for the 
determination of oxidizable compounds that are insoluble or 
react with water (6-16). Acetonitrile solutions of 
copper(II) are fairly stable, but require periodic 
standardizatione Ferrocene has been proposed as 68 primary 


standard for this purpose because it is soluble in 
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acetonitrile, can be purified readily, is stable on storage, 
and is oxidized quantitatively to the ferricinium ion by 
copper(II) (9). 

As discussed in Part I, constant=-current coulometry has 
several advantages over direct titrationse Chief among them 
are the elimination of the need for preparation, storage, 
and standardization of titrant solutions, and the ability to 
generate electrochemically exceedingly small quantities of 
chemically reactive species with accuracy and precisione 
Quirk and Kratochvil (9,10) found the reacticn between 
conover( ITI) end ferrocene, along with some ferrocene 
derivatives, to b@® quantitativee The equation is 

Bey cust oe Feat +o cut (125) 
where Fe is ferrocene and Fet is the ferricirium ione We 
became interested in finding whether the generation of 
copper(II) from copper(I) in acetonitrile is quantitative. 
Therefore the ferrocene system wes chosen as a chemical 
system for this investigatione The method was then tested 


with sulfur-containing compounds and hydroquinonee 


VIe EXPERIMENTAL 


Ae Chemicals 

Commercial acetonitrile (Mathesen Coleman and Bell) was 
either used as received or purified by the method of 
O'Donnell, Ayers, and Mann (17), except that the decantation 
following addition of sulfuric acid was replaced by a vacuum 
distillation below 559°C (9). 

Tetrakis(acetonitrile) copper(I ) perchlorate was 
prepared by adding excess copper powder (Allied Chemical) to 
a solution of hydrated copper(II) perchlorate in 
acetonitrile, allowing the reduction of copper(II) to go toa 
completion, as indicated by the disappearance of the blue 
color, filtering off the excess powder, eveporéeting the 
solution to concentrate the copper(I) sett, cooling, then 
collecting and drying the salt under vacuum at room 
temperature overnight (18 )e The salt wes anelyzed by 
oxidation of portions to copper(II) with nitric acid, 
followed by titration of the copper(II) with EDTAe The calt 
was found to be 99.8% pure; the impurity is probably 


acetonitrile (19). n-Butyl—-, amyl-, t-butyl-, and di-n-butyl 


derivatives of ferrocene were obtained from Arapahoe 
Chemicals, and used es receivede Ferrocene ( Arapahoe 
Chemicals) was recrystallized twice from heptane and 
sublimed oncee Thiourea (Baker and Adamson ) and 


dodecanethiol (Matheson Coleman and Belt) were used as 


receivede Tetramethylbenzidine (Eastman Crganic Chemicals) 
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was recrystallized from acetonitrilee Thiophenol (Terochem 
Laboratories Ltd.) was distilled under vacuume Hydroquinone 
had been previously ourified by Pe Quirk of this laboratory-e 
He recrystallized commercial material (Fisher Scientific 
purified grade) once from 95% ethanol and dried the product 
& hours under vacuum to reom temperaturee 
Hexamethylenetetramine (HMT) (Je Te Baker) was purified by 


sublimatione 


Be Apparatus and Procedure 

Solutions approximately 90.92 M in covoper(I) perchlorate 
were vorepered in either commercial or purified acetonitrile. 
Anouges> Btoee10 Sidronse (0.15 to 0.30 mk) of distilled weter 
were added in each run because the presence of weter in the 
solutions had been found previously to give sharp potertial 
preaks and stable potentials by stabilizing the ferricinium 
ion produced from the oxidation of ferrocene (10). 

The constant current coulometer described in Part I was 
used as the current source and timere An Oricon Model 801 
cigital pH meter was used to locate the erd pointse 

The titration vessel, shown in Figure 4, was a 
borosilicate H-cell with a 150-mL anode compartment end a 
60-mL cathode comoartmente Samples were introduced as 
approximately 0.9 to 1.e1 grams of solutions containing 
ferrocenes in the range of 10 2 to 10 7 M (ie€ey one to ten 
micromoles) by hypodermic syringe through a rubber serum 


Cape The quantity of sample taken for each titration was 
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determined by weighing the syringe to the nearest milligram 
on a tep-loading balance before and after sample 
introduction.e The end-point detection electrodes in the 
anode compartment consisted of a platinum wire as the 
indicating electrode and a silver wire immersed in 0.01 M 
AZNO3 in acetonitrile in a glass tube 6s the reference 
electrcede, with a cracked glass junction separating the 
ASNO3 solution from the bridge solutior of Oi M Lithium 
perchlorate and a fine frit separating the bridge solution 
from the titration compartmente The glass jurctions were 
prepared after the design of Nils Se Moe (20) in tubes of 
different diameters. Resistances of the junctions to 1000 Hz 
in 0.1 M aqueous KCl were typically on the order of 20,000 
to 190,000 onhme The anode and cathode compartments were 
separated by an anion exchange membrane (AMF A104-EC, 
American Machine and Foundry Coe )e The anion membrane was 
converted from the chloride form to the perchlorate form by 
soaking in 0.5 NM aqueous Uithium perchlorate solution 
overnighte After that it was dried in air for two hours, 
then immersed in pure acetonitrile for a further two hours 
before usee The membrane was stored in acetonitrile between 
runse The cathode compartment contained 50 mL of 0.14 M 
acetic acid in 0.04 M LiClO, as catholyte, while the anode 
compartment contained 70 mL of 0602 M CuClOg and 5 to 10 
drops of distilled watere The generating electrodes in both 
the cathode and anode conpartments were platinum gauze with 


large surface areaSe 
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Air oxidation of copper(I) in acetonitrile is not a 
serious problem3 however, to avoid possible slight 
oxidation, the cell contents were deaerated with nitrogen 
that had been passed through a wash bottle of acetonitrile; 
the stream of nitrogen was directed over the surface of the 
solution during the titrationse Magnetic stirring was used 
in the anode compartmente 

The experimental procedure was as followse A weighed 
portion of samp le solution was injected, and copper(II ) 
titrant coulometrically generated from copper(I) at 5 mA 


constant current at a platinum gauze electrode (measured 


value, 5.000 mA )e The end point was determined 
potentiometrically by following the rapid change in 
potential indicated by the digital pH meter until a 


predetermined value was reachede The first sample was 
considered as a blank, and successive portions were titrated 
by injection of weighed samples into the seme analyte 
solutione The current was stopped either automatically or 
manually at a preset potential (end-point potential) for all 
samoleSe Seven to nine samples could be titrated 
successively in a single portion of analyte solution before 
the potential change at the end-point became too drawn out 


to be useful. 
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Coulometer 


62% 


woe 


Coulometric cell and electrodese Ay platinum 
gauze anode; B, platinum wire cattode3; Cy Aggy 
0.01 M AQNO3Z in acetonitrile reference 
electroce; D, platinum indiceting electrode; E, 
anian exchange membrane; Fy, magnetic stirring 
bar; G, 0.1 NM Lithium perchlorate ir. 
acetonitrile; H, glass junction; J, fire frit. 


an 


a i "| 
etaat spr. 


3 


— i 


perry} pale 4 oe 9Ro 


>) a0 


i 


Sabla 
ia as 


im 


a 


= 
a 


Wy 


A 
an 


¥ 
pe 


ee, 
ost Bs 


ih 
4 
—* 


ode ® 
ia 


8 am 


> 


becigte ke 
‘ er 
- > 
7 
at 


tee 
Ve. 
aes 
- i 
Y 


Oe) 


VIfe RESULTS AND DISCUSSION 


Ae Ferrocene and Ferrocene Derivatives 

Results of a series of titrations of ferrocene and four 
derivatives with coulometrically generated copper(II) are 
given in Table 2. Relative standard deviations ranged from 1 
to 4 parts per thousand.e Considering the purity of purified 
ferrocene to be 100%, the relative errer fourd for the 
determination of ferrocene in the present work ranged from 
0.06 to 0.14%. For the ferrocene derivatives, which were 
used as received, the results indicated that the purity of 
the derivatives ranges from 97.3 to 99.9%. These values were 
skis the same general range as obtained earlier by 
conventional potentiometric titrations with a standard 
solution of copper(II). 

n-Butyl~+ and t-butylferrocene appeared to be the most 
pure yar the derivatives analyzede Acetylferrocene and 
benzoylferrocene gave too small a change in potential to be 
determinable, confirming the earlier work (92). 

Titrations of ferrocene in pure and in commercial 
acetonitrile gave results that agreed wittin 0.4 part per 
thousande Therefore commercial acetonitrile was used in the 
remainder of this worke 

Upon doubling the amounts of ferrocene, and maintaining 
the current at 5 mA, the same percentage compositions were 
obtainede Therefore the sample quantity does not affect the 


precision or accuracy of the resultse 
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TABLE 2. 


TITRATION OF FERROCENE COMPOUNDS WITH COULOMETRICALLY 


GENERATED COPPER(II) IN ACETONITRILE® 


Potential PuUPLty. 

at End Gis Comn— 

Compound POln ty lVee Dec Ss OOUNd a2 
FPerrocene By 7 O97 86 
3 Saks) 8) 100.06 
‘ 320 10 100.09 
ie 320 g) RO. Ore) 
2 320 9 OO cere 
320 8 100.06 
Ferrocene” 246 i TEONOL ANON 
i 246 8 O.0%,.0.2 
it 246 8 8005.02 
n-Butylferrocene 20 9) SI) ls) 
Amylferrocene 234 8 Shes MRF 
t-Butylferrocene 245 8 SS) 5 SHO 
Di-n-butylferrocene 244 §) DS Sw 


“samples were in the range of Vou to Tome 
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Solvent was commercial acetonitrile. 
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Acetylferrocene and benzoylferrocere did not give 
satisfactory end points when titrated by this methode Most 
of the ferrocene derivatives possessing a carbonyl function 
adjacent to one or both of the cyclopertadienyl rirgs, 
besides being more difficult to oxidize, were oxidized 


slowly past 1 


1 stoichiometry (10). It was concluded that 
these compounds could not be determined satisfectorily by 


the oxidation procedure described here. 


Be Sulfur-containing Compounds and Tetramethylbenzidine 

The same coulometric procedure used for the 
determination of ferrocene derivatives except for the 
addition of small amounts of water necessary to stabilize 


+he ferricinium oxidation product was also investigated as a 


possible analytical method for the determination of 
thiophenol, tetramethylbenzidine, thiouree, and 
1-dodecanethiole The thiols undergo oxidation under 


enpropriate conditions to the disulfides, 

CP Sh ete Guta —— eros She I2Cut + 2H (13) 
but the reduction potentials of some of these compounds were 
too high to give satisfactory titration curves; that is, the 
potential breaks were too small to be usefule Also, the Lack 
of a oroton acceptor in the system may have contributed to 
the poor results by this coulometric methode 

Acetonitrile is a very weak Bronsted base, and in pure 
acetonitrile oxidation of compounds such as hydroquinone and 


thiophenol is inhibited by the absence of a sufficiently 
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strong base to accept the hydrogen ions produced (7)e Most 
Bronsted bases are also Lewis bases of some strength in 
their reaction with copper(II), however, and the addition of 
compounds such as ammonia or pyridine results in undesirable 
complexation of copper(II). Of a number of proton scavenging 
especies considered for accepting the proton in the oxidation 
of proton generating compounds, it was found that 
hexamethylenetetramine (HMT) appeared promising for this 
purposee Addition of excess HMT to solutions of thiophenol 
prior to generation of copper(II ) resulted in e¢harp 
potential chenges of several hundred millivolts at the end 
point, but the lecation of the end point varied with the 
amount of HMT present, and tended to be on the order of 2% 
earlye Also, a precipitate, apparently copper(I ) 
thiophenolate, appeared after addition of thiophenol to the 
cell solution, and only slowly redissolved near the end 
pointe The presence of some undissociated copper(I ) 
thiophenolate at the end point may account in part for the 


low results in the analysise 


Potentiometric Titration 


To investigate the reasons for the early end point fer 
1 to 1 stoichiometry, potentiometric titrations with 
copper(II ) of thiophenol, i-dodecanethiol, and hydroquinone 
(H29) in the presence of varying amounts of HMT were 


performed using the titration cell and procedure described 
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in Part IIl of this thesis, but with argon gas in place of 
nitrogene The results are represented in Tables 3 end 4. 

Titrations of 2 to 1 mixtures of thiophenol and HMT in 
O-1 M LiClOqg with copper(II) showed two potential breakse 
The first break had an inflection of about £0 mV, was 
smaller than the second break, and appeared at a copper(II) 
to thiophenol mole ratio of less than 0-5¢ Tre second break 
had a height of about 180 mV and appeared at a copper(II) to 
thiophenol mole ratio of about 1 (0.298 and 0-996). A 
precipitate appeared prior to the first break and cissolved 
before the second break startede The precipitate is thought 
to he the copper(T) salt of the thiol anione The two breaks, 
then, are probably caused by formation of the thiol 
precinitate, followed by dissoluticn and oxidation of the 
precipitate according to the following eguations: 

ARSH + 2Ccu2@+ + 4HMT — > RSSR + 2CuSR(s) + 4HaMTt (14) 

2OCUShmtr2 Cu G=| ——> PRSSR EH Cut (15) 
When the amount of HMT was increased to a level equivalent 
to that of thiophencl, the end point came at a copper(II) to 
thiophenol mole ratio of 1215e When HMT was added to the 
copper(II ) titrant solution ina ito 1 mote ratio, and the 
titration was done two hours after mixing, a large sharp 
break, on the order of 640 mV, was obtained at a copper(II ) 
to thiophenol mole ratio of 0.942. No precipitate appeared 
in this titratione This is as expected on the basis of the 
above explanetion, Since excess HMT is rot available to 


react with RSH to form CuSR and HoMTte The reaction then is 
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2CuHMT?* + 2RSH --> 2Cut + RSSR + 2HoMT* G1LGp 
Repeating the last titration 24 hours after mixing of the 
HMT with copper(II) gave a ratio of copper(II) to thiophenolt 
oftjeel'1 6, and the sharpness otf the break decreasede This 
indicates a slow reaction between copper(II) and HMT that 
results in copper(II) not being available for oxidation of 
thiophenole Solutions of copper(II ) in acetonitrile are 
blue, but turn dark green on addition of HMTe The reaction 
possibly is formation of a stable copper(II) complex with 
EMT OD, more likely, a decomposition product of HMT.e Ifa 
complex is formed with HMT the stebility constant must be 
small, because potentiometric titrations of HMT with 
copper( TI) show a steady change in potential with no visible 
inflection at 1 to 1 or 2 to 1 stoichiometriese No evidence 
for a reaction between copper(II) ard HMT has beer reported 
in the Literature except for an observation by hel! nichenko 
end Gyunner (21) that copper(II) chloride and HMT do not 
react in water, but do form a dark brown frecivitate in 
methanol at an equivalence paint corresponding to a ratio of 
copper to HMT of 5 to 34 The precipitate cemposition was 
given as 5CuCloe3HMT. The only other metal-HMT complex 
reported is that of silver; Pe Job (22) and Fe Pawelka (23) 
report the stability constant of silver ion with EMT in 
aqueous solutions as 3.1 x 10% and 3-75 x 107 respectively. 
Overall, the addition of HMT to eitter the copper(II) 
titrant or to the solution being titrated does not appear 


useful from an analytical point of viewe 
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When 1-dodecanethiol in 0.1 M LiClO,qg was titrated with 
a 1 to 1 mixture cf copper(II) and HMT, the titration curve 
showed a potential break of 280 mV at a 
copper(II )/1-dodecanethiol mole ratio of 1441-¢ Again the 
large amount of copper(II) required is likely caused by 


reaction of a portion of the copper(II) with HT. 


Ce Hydroquinone 

Titrations of mixtures of hydroquinone and HMT in a 
ratio of 1 to 1.96 in 0.1 N LiClO, with copper(II) stowed a 
potential break of 400 mV at a copper(II) to hydroquinone 
mole ratio of 1.997-« When the amount of HMT was increased to 
a level equivalent to exactly double the amount of HosQ the 
stoichiometry and size of break do not chengéee When the H2Q 
to HMT ratio was changed to 1 to 1-06 and 1 to 1-60 the end 
points came at copper to HsQ ratios of 1.15 and 1.68 
respectively, while the votential breaks became larger and 
sharpere Increasing the amount of HMT to a ratio of 1 to 
2.04, or even te 1 to 4e1 HsQ to HMT resulted in a positive 
error at the end point of about 7% relativee The quality of 
the end ooint was excellent and gave good precision (see 
Table 4). 

In summary 9 ace has been shown that copper(II) can be 
produced with 100% current efficiency from solutions of 
copper(I) in acetonitrile, and that micromoler quantities of 
ferrocene and some alkyl-substituted ferrocenes can be 


determined with high precision and accuracy by constant 
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current coulometric generation of copper(II)e The scope of 
the coulometric procedure for the determination of other 
substances appears more limited than does direct titratione 
Potentiometric investigations of the effect of proton 
acceptors such as HMT on the analytical utility of 
copper(II) oxidations of thiols and hydroquincne indicate 


that these systems do not appear to be practicale 
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TABLE 


Se 


EFFECT OF HEXAMETHYLENETETRAMINE ON POTENTIOMETRIC 
TITRATIONS OF THIOPHENOL AND 1-DODECANETHICL WITH COPPER( II ) 
IN ACETONITRILE 


Thiophenol 
+ HMT 
in 2:1 mole 
ratio 


Thiophenol 
+ HMT 
in estelte) Oley, 


mole ratio 


Thiophenol 


Thiophenol 


1-Dodecane- 
thiol 


Cul ClO, )o 


Cul ClO, Vo 


Cu(Cl04)2o + HMT 

in 1:1 mole ratio, 
used 2 hours 
after preparation 


Cul ClOg)o + HMT 

in 1:1 mole ratio, 
used 24 hours 
after preparatione 


Cul ClO4g)2o2 + HMT 
in 1:1 mole ratio 


used 24 hours 
after preparation 


Ratio of 
Cuf2t/thiol at 
End point 


Breaky 


drawn 
poor 


640, 


620, 
eharp 


280, 


*0.1 M LiClO, in dry acetonitrite used as solvente 


out 9 


sharp 


not 


fair 
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TABLE 4. 
EFFECT OF HEXAMETHYLENETETRAMINE ON POTENTIOMETRIC 
TITRATIONS OF HYDROQUINONE WITH COPPER( II) IN ACETONITRILE 


eee ewe Oem we MP oeOe@@e@@ ee OM ee @ @ eee @Oem ee woe ee = owe @e ee @ we ewww ew wee em Oe eww mee = = 


Ratio of 
Ratio of Cu2*/F2Q at Size of 
H2Q to HMT Titrant End Point Break, mV 
1271 619.6 Cu( ClOgdoa 1.997 440 
1.997 
122.00 1.997 400 
eee oto, 2-006 400 
VEUL6OE 1.156 560, very 
sharp 
LB WL GS® 1-685 S20, very 
sharp 
1:2.04 22136 440 
22137 
2137 
2134 
22139 
1:4.08 22139 440 
H2Q only SoS No break 
HoQ only CulClOg)o + HMT 20357 120, poor 
in 1:2 mole et & 120, poor 


ratio (used 
within 24 hours 
of preparation) 
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PART {II 


POTENTIOMETRIC STUDIES OF METAL COMPLEXATICON 


WITH POLYAMINES IN ACETONITRILE 


VIII. INTRODUCTION 


Acetonitrile thas been used as a medium for fundamental 
solvation studies and has found wide use as a4 practical 
eolvent for many synthetic and analytical applicetionse For 
this study acetenitrile was selected as solvent since it is 
@ poor hydrogen donor or acceptor, is readily available, has 
a moderately thigh dielectric constant ( ) cf 36 which allows 
dissolution of ionic as welt as nonionic solutes, is 
relatively nontoxic, and has a convenient liquid range and 
low viscositye Since acetonitrile is a polar Lewis base, it 
stabilizes cations moderately well, although solubilities of 
ionic salts are not always large because it does not solvate 
anions to any appreciable extente Salts which have large or 
polarizable urivalent anions, such as perchlorate or iodide, 
heve reasonable solubilities (1)e It was reported that 
acetonitrile is a useful solvent for oxidaticn-reduction 
reactions because it thas a wide potential range which 
extends from +2e3 V to —-2.7 V versus the aqueous calomel 
electrode (2 )e 

Determinations of a number of metal cations by 
complexation titration with a large number of mono and 
multidentate ligands have been carried cut in aqueous media 
by either direct or back titration (3)-e Aqueous titrations 
often involve addition of masking agents or adjustment of 


solution pH to provide the required specificity and keep 
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unwanted species from reacting with the titrante Buffering 
of the solution also is often necessary to allow proper 
indicator functioning, to prevent metal tydroxide formation, 
or to decrease protonation of the Ligand. 

If chemical reactions resulting in the formation of 
complex species in solutions are to be applicable to 
automatic titrations, they should fulfil the following four 
basic requirements: (a) The complex which is formed during 
the titration reaction must be sufficiently stable; (b) The 
reaction must be stoichiometric, leading to the formation of 
a well-defined species in one reaction step; (c) The 
reaction must proceed at a suitable rate, preferably 
instantaneously; and (dad) a suitable method of end point 
detection must be aveilablee If potentiometry is used, an 
indicator electrode must exist, the potential of which 
changes uniformly and rapidly with the concentration of one 
of the species (reactant, titrant or product) involved in 
the titratione 

The practical application cf reactants leading to the 
formetion of complexes became widespread with the 
introduction of polydentate ligands as titrentse Such 
reagents generally form either one to one or two to one 
complexes with metal ions, although ethylenediamine forms 
three to one complexes with several metatse. The polyemines 
are one class of Ligands that tend to form complexes of 
appreciable stability with a number of metals, especially 


copper(II) (4). 


In this section a study is described of the titration 
in acetonitrile of the ions of transition metals and 
alkaline earths, both individually and in mixtures, with 
ethylenediamine (en), diethy lenetriamine (dien), and 
triethylenetetramine (trien). These polyamines were selected 
as titrants because of their solubility and the solubility 
of the corresponding metal complexes in acetonitrile, and 
because of the stability of some of the Lligand-metal 


complexes (4). 
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IXe EXPERIMENTAL 


Ae Chemicals 

Ethylenediamine, diethylenetriamine and 
triethylenetetramine (all Je Te Baker Chemical Co.) were 
purified by redistillation under reduced pressure (5). Ten 
grams of potassium hydroxide were added to 300 mL of aminey 
shaken occasionally for two hours and left overnight to 
allow the hydroxide to react with the amine oxides. The 
amine was decanted into a distillation flask and the flask 
and centents placed in a heating mantle and stirred by a 
magnetic stirrer under vacuum for five hours to remove 
dissolved gaseSse Next the temperature of the mantle was 
increased gradually from room temperature until distillation 
startede The first 50 mL of distillate end the last 50 mL 
remaining in the flask were rejected, and only the middle 
fractions were retainede En, dien, and trien were distitled 
at constant temperatures of 30, 76 and 105°C respectively. 
Dimethylsulfoxide (DMSO) (Catedon Laboretcries Ltde) was 
purified under the same conditions used for purification of 
amines, except that the addition of potassium hydroxide was 
omitted; it was distilled at 509C. Acetonitrile (Matheson 
Coleman and Bell) was dried overnight over calcium hydride 
and distilled. The first 100 mL of distillate and the last 
100 mL remaining in the three liter distillation flask were 


rejectede 
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The hydrated perchlorate salts of copper(II), zinc(II), 
manganese(II ), nickel( II), iron( III), cobalt(II) and 
chromium(III ) were converted to the corresponding 
dimethylsulfoxide solvates by either the method of Selbin, 
Bull and Hotmes (6) or of Cotton and Francis (7). The 
copper(II) salt prepared following the outlined method (7) 
analyzed as the pentasolvate rather than the reperted 
tetrasolvate (Table S)e The dimethylsulfoxide solvates of 
the perchlorates of magnesium, calcium, and strontium have 


not been previously reported, so were prepared as follows. 


Mo(ClOsg 2260 CH3)2S0 

To @ saturated solution of anhydrous Mg(ClO,g )o in dry 
acetone was added an equal volume of dimethyl sulfoxide.e 
Upon addition of ethanol a white precipitate formede The 
precipitate was filtered, washed twice with ethanol, and 


dried overnight under vacuum at room temperaturee 


Cal ClO~g J226(CH2 ISO 

A slurry of 20 g of CaCO3 in 50 mL of water was treated 
with 70% HClO, in 1-mL portions until evolution of COo 
ceased and a pH of 1 was obtainede The sclution was placed 
under vacuum until solid Ca(ClOg)> appeared, and the 
majority of water was removede The residue was dissolved in 
a minimum amount of acetone, filtered, an equel volume of 
DMSO added, and the mixture shakene Upon addition of ethyl 


ether a heavy white precipitate formede After cooling in 


we 
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ice, the precipitate was filtered, weshed twice with 
portions of ether, and dried overnight uncer vacuum at room 


temperatures 


Sr(ClO4 dos 6(CH3 2280 

This material was prepared in the same way as the 
calcium salt except that the precipitate obtained was 
dissolved in acetone and reprecipitated with ether before 
drying overnight under vacuume Results of the analyses are 


given in Table 5. 


Be Procedure For Titration 


Approximately 40 mg portions of each of the 
MCClO4 ),¢ XDMSO salts were dissolved in 40 mL dry 
acetonitrile and titrated with 0.06 M amine in dry 


acetonitrile. An S80—-mL cylindrical cell with a Teflon lid 
was used asa titration vessel (Figure 5)e A platinum flag 
indicating electrode and a silver, 0-01 M silver nitrate in 
acetonitrile reference electrode were used. The reference 
electrode was separated from the cell solution by the same 
bridge as described in Chapter VI for the coulometer celleA 
double junction is important here to prevent silver from 
entering the cell solution, since silver would otherwise 
complex with the amine titrants and cause errore A Metrohm 
potentiograph E 436 automatic recording titrator delivered 
titrant by means of a syringe buret without exposure to airy 


and recorded the titration curves on a built-in chart 
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recordere Titrant was delivered from a 5 mL buret at a rate 
cof 0.25 mL per minute. Air oxidation was minimized by 
starting each titration immediately upon dissolution of the 
sample, and by passing nitrogen through the solution during 
the titratione Magnetic stirring was usede 

The reproducibility of delivery of the titrant by the 
Metrobm automatic titrator was determined by delivery of 
several samples and comparison of the amounts delivered with 
the recorded volumese AS an example of the precision of the 
titration system, a set of five weighings otf the water 
detivered by the 5S-mL buret gave an average of 5.043 g with 
standard deviation of 0-002- The weight of water was divided 
by the density to obtain the volumee The distance traveled 
by the pen on the chart paper during delivery of the buret 
contents was measured in centimeters, and a factor for the 
number of milliliters per centimeter was used in determining 
the volume of the titrant at the equivalence points in the 
titrationse 

The shapes of the titration curves for the metal ions 
with the amines ranged from symmetric to highly asymmetrice 
Also some of the metal-ligand complex reactions, such as 
copper(II) and cobalt(II) with ethylenediamine, have large 
potential changes at the inflection point while others, such 
as magnesium(I!I) and cobalt(II) with dien, gave small 
potential changes. Therefore to provide consistency the end 
point was taken in all cases as that point of the curve 


equidistant from parallel tines drawn targent to the curve 
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in the potential break region (Figure 6). 

To compare the platinum indicating electrode with the 
mercury and silver electrodes, which have been suggested 
previously as indicating electrodes for potentiometric 
complexation titrations in aqueous media, we used the same 
titration system with the same conditions described ahove 
except that the platinum electrode was replaced by a mercury 
or silver indicating electrode. For the mercury electrode, 
one of the arrangements of Reilley and Schmid wes employed 
(8). It consisted of a small circular glass cup sealed to 
the end of a piece of glass tubinge The tube and the annular 
cup were beth partially filled with mercurye Contect between 
the two was made by a short length of platinum wire sesled 
through the tubing near the end containing the cup}; contact 
with the potential measurement cevice was made by a copper 
wire immersed in the mercury in the tubee Cne drop of a 
10 3 M solution of mercury-en or mercury-trien was added to 
the solution te be titrated tc provide a mercury(II )-mercury 
metal couplee For the sitver-silver ion electrode a silver 
wire O.7 =mm iin diameter was used in place of the platinum, 
and one drop of 0.008 M silver nitrate in acetonitrile was 
added to the solution to provide ea finite emount of 
silver(T ) for the silver couple, as descrited ty Fritz and 


Garralda for complexation titrations in aqueous media (G9). 
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Figure 5 Cell for Potentiometric Titrations in 
Acetonitrile 
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1.0 Zao 
En/Copper (II), Mole Ratio 


Potentiometric Titration of Copper(II) with en 
in Acetonitrile 
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Xe RESULTS 


Platinum has not been reported before as an indicator 
electrode in complexation titrations of metal ionse AS part 
of this study the metal ions copper, cobalt, nickel, zincy 
manganese, iron, magnesium, calcium, strontium, and chromium 
in the form of the DMSO solvates of the perchlorate salts, 
MC CLOg )¢ XDMSOy were titrated potentiometrically with en 
using ea platinum indicating electrodee 

The key features are that cobalt(II) and copper(II ) 
show sharp inflection points at 2 toil ratios of en to 
metal, while manganese( II) and magresium(II) show smalter 
inflections at 3 to i ratiose For copper(II) a set of 
titrations in which Cul ClO, )oe-4CH3CN wes used as the sample 
in place of the DMSO solvate gave identical titration curves 
to those in which DMSO was presente Calcium( II), 
strontium( II), chromium(III), and silver(I) do not yieid 
titration preaks, but zinc gives two, a small sharp breek at 
a ratio of en to zinc of about 1-85 to 1, and @ more drawn 
out break at a ratio of somewhat over 3 to ile The behavior 
of iron( III) is similar to that of zinc(II), but the break 
at the 3 to 1 ratio is sharper and cleanere Nickel(II) gave 
a smatl sharp break at a 3 to 1 ratio, with a slight 
inflection just preceding it at a ratio of about 2-5 to 1. 
Figure 7 represents the titration curves of copper(II), 


cobalt(II), magnesium( II ), manganese( II) and nickel( II) with 
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ene 


The largest potential change is observed with 
copper(II ). Mixtures of equal amounts of copper with 
calcium, copper with strontium, copper with chromium, copper 
with a mixture of calcium, strontium and chromium and 
iron( III) with chromium, were titrated under the same 
conditions as for the individual ionse The results showed 
that calcium, strontium, and chromium have no effect on 
stoichiometry or end point detection, that is, they do not 
complex strongly enough, or in the cease of chromium, rapidly 
enough, to interfere in the titrationse 

Iie judge the relative basicity of the two ritrogens in 
en a sample of the ligand was titrated with perchloric acid 
in acetonitrite. As can be seen from Table 6 and Figure &, 
quantitative results were obtained with two sharp breaks at 
1 to 27 andt#t to 2 ratios of en to hyarcgen ion, 


corresponding to the reactions: 


HaNCHoCHoNHo + Ht => HeNCH2CH2NH3* (17) 


HoNCHaCHaNH3t + Ht —— > ( H3NCH2C HaNH3 )ft (18) 


Titration of a mixture of copper and zinc gave a good 
break of about 600 mVy but the end point was 3 to 7 percent 
early for total copper(II) and zinc(II), so analytical 
application of the method to this mixture is not possiblee 
Titretion OLeTa mixture of copper, zinc and silver gave a 


very poor, drawn out break that could not be used to 
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calculate an end pointe A mixture of menganese and chromium 
was also titrated but again the method was not analytically 
useful because it gave a drawn out break about 2 percent 
late for a 3 to 1 en to manganese ratio. A mixture of nickel 
with chromium gave a fair break but scattered resultse 

Copper, aluminum, cobalt, nickel, manganese, iron(II), 
iron( III), and magnesium were also titrated in the form of 
the hydrated perchlorate salts, M(ClLOqg) e6HoCe The results, 
calculeted on the basis that all the salts were the 
hexahydrates, were within 1 or 2 percent, except for 
aluminume Table 6 Lists the ion titrated, the size of the 
breaks in millivolts, the sharpness of the breaks, and the 
ratios of en to metal ions or protons at the inflection 
points for a large number of titrations with ene 

Teble 7 summarizes the results of titrations of a 
series of metal ions with diene Copper(II) shows breaks at 
ratios of tboth 1 to 1 and 2 to 1e In both cases the curves 
are eharp and stoichiometrice The only other ions studied 
that reacted in a clean stoichiometric ratio with dien were 
magnesium([I1), cobalt(II), and manganese(II), alt of which 
produced small but sharp inflections at 2 to 1 ratios 
(Figure 9). 

Table 8 represents the results obtained when trien was 
used as a titrante Quantitative reaction was obtained anly 
with copper(II )e Very poor breaks and undeterminable end 
points occurred in the titration of magnesium and calcium. 


Results of titrations of e series cf metal ions with 
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0 2 3 
En/ Metal Ratio 


Figure 7. Relative Magnitude of Breaks at the Inflection 
Peint for the Potentiometric Titration of Metal 
Ions with en in Acetonitrile 
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Coa 

iMnat 
Mg2* 
400 mV 

Cu2* 

O l 2 3 
Dien/ Metal Ratio 

Figure Qe Relative Magnitude of Breaks at the Inflection 


Point for the Potentiometric Titration of Metal 
Ions with dien in Acetonitrile 
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en, using either the mercury-en or silver-silver ion systems 
as indicating electrodes and a silver-silver ion reference 
electrode, are summarized in Tables 9 and 10. As with the 
platinum indicating electrode, copper(II) shows the sharpest 
and largest potential breakse Cobalt( II) titrations also 
show sharp inflection points at 2 toi ratios of en to 
cobalt(II) in the case of the mercury electrode, but at less 
than 2 to 1 for the silver indicating electrode. Similar 
sharp potential breaks, but at a 3 to 1 ratio of ligand to 
metal, are seen with both electrodes for the titration of 
nickel( II). With both electrodes manganese(II) shows drawn 
out petential breaks at about 3 to 1 ratios that are not 
analytically usefule Calcium( II) does not yield titration 
breaks with either electrode, while magnesium(II) shows a 
POOT, drawn out break at about 3 to 1 ratio with the silver 
indicating electrode, but no inflection with the mercury 
electrodee 

Tables 11 and 12 summarize the results of titrations of 
a series of ions with trien, using mercury-trien or 
silver-silver ion indicating electredes and a silver-silver 
ion reference electrodee The only metal studied that reacted 
in a clean stoichiometric 1 to 1 ratio was magnesium(TII ) 
with the mercury-trien indicating electrodee All the other 
metals showed nonstoichiometric ratios of more than 1 to 1, 
even though some of them gave goo0a inflections.e 

Using the silver-silver ion indicating electrode, no 


metal gave stoichiometric breaks. Instead all showed drawn 
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out, poor breaks at ratios of more than 1 to 13 the 
exception is magnesium( II), which showed fair though 


nornstoichiometric breakse 


69 


TABLE 6 
RESULTS OF TITRATION OF M( CUO, eXDMSO SALTS WITH EN IN 
ACETONITRILE, USING PLATINUM AS INDICATING ELECTRODE 


Ion en:metal ratio Potential change in mV 
titrated at inflection point and sharpness of break 
at inflection point 
cuct 2-900a,y 2-007 960 very sharp 
2-006, 2-009 (smooth break) 
Cuctx 22009722009 ,1-999 950, very sherp 
Cuttxx 1999, 1-997 960, very sharp 
Cuctx*x 22009914999 422005 960, very sherp 
Cocs 16999,2-00, 240, sharp 
12999_2-00, 
Znet 12683, 1.8, 1-86 80, (1st) sharp;5 
3-00,3-28,3-15 120, (2nd) drawn out, 
difficult to tlocate 2nd 
end point 
Mn@t 2-990% 3-00, 120, good 
3-009 
Fest 22997,3-00, 120, fair, with small 
3-001,3-003 wiggle just before major 
breek 
Niet 3209932004 CO, sharp, with small 
3-909 wiggle at 2.5 to 1 ratio 
Mget 2-92S8,3-001 B80, fair to poor 
32.002 
Ca2t No inflection 
sret No inflection 
Cr3t No inflection 


Cu2+ + Caet 


Cuect + Ssret 


1.997,2.-000 922009 


2090491299972 -902 


740, very sharp, only 
Cuft+ titrated 


840, very sharp, only 
Cuct titrated 


Cutt + Cr3t 


Fe st + Cr3t 


Mn ate Ons + 


Me=* + Cae* 


Nive Crs + 


Mine) + Cact 


Cuct + Zn?ert 


Cuet + Zner 


Cuct * Znert 


2 0009 414996 722004 


3.002,3.003 
29985 20997724998 


3e 064590065 79-057 


No inflection 


3-086 72-833 


No inflection 


+ Agt 


+ Agt 


(Agt added as AgNO3) 


Cu2t + 
AgNO3 


Cu2et 


AlLst 


Co2ct 


Niet 


2eO1.4 
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1040,extremely sharp, 
only Cu?* titrated 


100-150, fair; only Fe3t 
titrated 


140, drawn out, only 
Mn¢t+ ¢itrated 


180, feir to good, only 
Ni¢+ titrated 


600, very good, end 
point 3 to 7% early for 
total Cu?+ and Zn?t 


one very poor and drawn 
out break, not 
stoichiometric with 
total of Cu@t + Zn2t 


ppt formed, very poor 
and drawn out break 
about 3% early for total 
of Cuet+ + Znet 


120, pret formec, feir 
break,only Cu?t titrated 


Titration of Hydrated Salts M(ClOs) 2e6H20 


2eO0g,r 1.963 
1642,1.43,1-38, 
1.38,1.33 
3-O0Ga,3el1lgydeO4e, 
2029422947 
12-967,2-025 


2-98 


£10,sherp 


200, (ist), very sharp 
200, (2nd), very sharp 
200-300, sharp 


100, fair to 200d, 
asymmetric 


Mn?* 32995,3-083, 100-160, fair to gocd 


32929,3-108 preceded with 


a very 


drawn out break at more 


than 2 to 1 ratio 


Feet 10977 9109%SQ 120 (1st), fair to good 
Deitiets 2-68 80 (2nd), fair to good 
Fett 1 (1st) very poor break, 
difficult to locate end 
point 
2 OSes Osa 240, (2rd) feir to good 
break 
Ht KK 120020,1+-009,1-003 300 (1st), sherp 


16994 ,1-99g 71.995 140 (2nd), ¢eharp 


Mget 204642265 140, drawn cut 
(from anhydrous 
Mg(C1O, )o 


CulClOsdaeSDMSO Titratec with en using copper 


Lone) se Vective erect rodewpinst:ead of eeplatinum 
indicating electrode 
Curt Drolisiaigies Lao 450, inflection point is 
2e148,22145 preceded by large 
wiggle; difficult to 
Locate end point 
*Copper( II) added as Cul ClOg doe 4CHZCNe 
**x*PLatinum pretreated with concentrated nitric acide 
***xPLatinum pretreated with O0e1 M ferrous sulphate. 
eek Fp from HClOqe2H20 (70% aqueous acid) used es titrant 


for en; therefore ratios shown are for Ht to ene 


Lh 
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TABLE 7. 
TITRATION OF M( CLO, J, eXDMSO SALTS WITH DIEN IN ACETONITRILE 
USING PLATINUM AS INDICATING ELECTRODE 
Ion dientmetal ratio Potential change in mV 
titrated at inflection point and sharpness of breéek 
at inflection point 


Cuet 120097 1-003,1-006 330 (ist), very sharp 
2 e00gy 12988722006 630 (2nd), very sharp 


Meet 2e003,%,2.00, 200, good 
220909,1-998 


Znet 22004,2-039, 360, very sharp 
2eO017,2-6 12, 


Fast 1.69,1.68,1.68 300, very sharp 

Niet 2-02,2.03,2. 04 220, very sherp 

Cott 1.997,2-04,1.98 100, sharp 

Mnet 1.92,2.00,2.01 140, very sharp 

Niet + zn2t 2.04 180, one good break 


equivalent to total Ni@t 
and zn?¢+t 


Caet DelOscelse2te 14 60, very drawn out, poor 
Me?t+ + Ca2t 2-015 180, one fair to good 


break corresponding to 
total Mg?*t and Ca2@t 


Titration of Mg ClOsadoe6DMSO and Cul ClO,)Jae5DMSO using 
Carbon Electrode instead of Pletinum Indicating 
Electrode 

Mg?t No inflection 

Cuct 1.0003 1-997 120, 300, (ist) fair, 


(2nd) eharp 
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TABLE 8. 
TITRATION OF MCCLO4g ) ¢ XDMSO WITH TRIEN IN ACETONITRILE USING 
PLATINUM AS INDICATING ELECTRODE 


Ion Trieni:metal ratio Potential change in mV 
titrated at inflection point and sharpness of break 
at inflection point 


Cu?t 1.00g,1-00;, 129009 &40, very sharp 
zner e007, 1.to,1-08 400, fair 
Cons 1.-08,1.07 140, fair 
Niet 1.909,1.09,1.09 120, poor to fair; drawn 
out 
Fest 12351644, 1609 120 (1st), poor 
1266 ,1.88,1-84 100 (2nd), poor 
Mace te UDigitre O07 giles 70, fair to good 
Mget undeterminable ~20O very poor break 


end point 


Cact not usable ~100 very poor, drawn 
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SUMMARY GF TITRATIONS OF MC CLOq), ¢XDMSO SALTS WITH EN IN 
ACETONITRILE, USING He@/EN INDICATING ELECTRODE 


Ion en: metal ratio at 
titrated inflection point 

Cuct 1-99, ,1-999,1-99q,2200g 
Co?t 22003 ,1-999-2-00, 

Mn2t ~3 

Niet 3e902, 3-003 

Me?ct no inflection 


Cact no inflection 


Potential change in 

mV and sharpness of 
break at inflection 
point 

360-560, very starp 

28C, very sharp 


drewn Out, not 
useful 


130, good 


drawn out 


SUMMARY OF TITRATIONS OF MC CLO, ) 


TABLE 10. 


15 


n°? XDNSO SALTS WITH EN IN 


ACETONITRILE USING Ag/Agt INDICATING ELECTRODE 


Ion 


enz:metal ratio at 
inflection point 


12999922909 ,2-009 


1.998 g2e 009 ( only 
silver wire, no Agt added) 


1995, 1-9l6 


1.998 (only 
silver wire, no Agt added) 


~3 


32004 722998,3-003 
~g 


no inflection 


Potential change in 
mV and sharpness of 
break at inflection 
point 

180, sharp 


200, sharp 


240, sharp 

220, very sharp 

120 poor, hard to 
Locate the end point 
150, sharp 

poor, drawn out 
gradual potential 
change throughout 


titration of about 
60 mV 
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TABLE 11. 
SUMMARY CF TITRATIONS OF M(CUO,g ), eXDMSO SALTS WITH TRIEN IN 
ACETONITRILE USING Hg/TRIEN INDICATING ELECTRODE 


were em @ @@ mmo ewmweo@mm@e@ o@ew @M Gee @wew ew we we were wo es ow @memwoeoew ewe emmmoeme ee @ Oe ewe @ we = = 


Ion trien:metal ratio Potential change in 
titreted at inflection point mV and sharpness of 
break at inflection 
point 
Cuct ~lel, il, tel 360 (ist), 
asymmetric 
~1e4, 1.2, 1.4 180 (2nd), 
asymmetric 
Co?t 1.093,12089,1-09591-090 240, sharp 
Mr?t 16065 912054 120 (ist), good 
1.29,1.295 80 (2nd), fair 
Nict 16106 ,1-¢096,1e113 90, good 


with a second break drawn 
out at less than 2:1 ratio 


Mg?t 1-009 712005, 1.000, 150, good 
1-006, 1-002 


Cact lies drawn out, not 
calculatable 


ie, 


TABLE 12. 
SUMMARY OF TITRATIONS OF M(CU0«4 ), e XDMSO SALTS WITH TRIEN IN 
ACETONITRILE USING Ag/Agt INDICATING ELECTRODE 


Ion trienz:metal ratio Potential change in 

titrated at inflection point mV and sharpness of 
break at inflection 
point 

Cuct ~1 200 (ist) poor 

~1.4 120 (2nd), drawn out 

Co2t 112; 120, poor 

Mn¢-t ~1e1 100, poor 

Niet ~iel, 1el, 1.1 R00, poor 

Moct 16103 5126087910259 71-054 180, fair 


Cact ~l1 drawn out 
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XIe DISCUSSION OF POTENTIOMETRIC TITRATIONS 


In the present work, several previously unreported 
salts have been prepared -- Me( ClO, )oe 6DMSO,y 
Ca(ClO4g )a20e6DMSOy and Sr(ClO4 )oe6DMSO~ 

Titrations of samples of Me(ClOg Doe 6DMSO and 
Ca(ClO4g)2e«6DMSO with EDTA yielded formula weights cf 621.19 
and 705.1 e/mole whereas the theoretical values are 691.23 
and 707.7 g/mole respectivelye These results in conjunction 
with microanalysis for hydrogen and carbon in the compounds 
show that each formula weight contains six molecules of 
DMSOe The results of the carbon analyses for the calcium and 
strontium salts do not agree very closely with the 
theoretical value for six motecules of DMSC, but the 
hydrogen results are somewhat bettere Further etudy of the 
strontium compound was not carried out because it did not 
react with any of the amines in an analytically useful waye 
Their preparation is straight forward, and will not be 
discussed furthere They are easy to handle and provide a 
convenient form for these metal ions when water-free salts 
soluble in solvents of moderate to low dielectric constant 
are needede 

As mentioned earlier, the copper(II) perchlorate salt 
was isolated as the pentasolvate rather than the 
tetrasolvatee The theoretical formula weight of 


Cu(ClO4g )a2eS5DMSO is 653-07 g/molee Titration of a sample of 
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this compound with standard NasSo03 gave a formula weight of 
653-9 g/mole.e 

Anelysis of this compound for hydrogen and carbon wes 
done in the microanalytical laboratory at the Department of 
Chemistry of the University of Albertae The values found 
were in satisfactory agreement with the theoretical values. 
Therefore we have two pieces of evidence that the compound 
prepared in this work is Cul ClOg JDa2eSDMSQ and not 
Cul ClLO« )pe 4DMSO as previously reported. In chloroform Greddon 
(10) has shown that fivercoordination appears to be quite 
common in copper(II) complexes, and he found no evidence of 
six-coordinatione Llewellyn end Waters also found 
five-coordinetion of copper(II ) with 
2-nydroxy-l-naphthylaldehyde when crystallized from water. 
The ligands were arranged in a pyramidal configuration with 
four Nnorma L"! planar bonds anda fifth copper-weter bond 
Gil). Tne difference in the number of DMSO molecules found 
here as compared to previous work could be related to 


differences in the conditions of drying for the salte 


Ae Titrations with Ethylenediamine 

Table 6 shows the results of titrations cf selected 
transition and alkaline earth metal ions with ene No 
complexation occurred with calcium, strontium, and chromiume 
Stability constants for the alkaline earths with the 
polyamines studied there have not been reported in water 


except for the magnesium(II )-en system, where a value of 
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0.37 for” og? Ki, was founde This suggests that stability 
constants of these systems in acetonitrile ere also likely 
to be small, and so the absence of an inflection point in 
the titration curves is not surprisinge Chromium(III) is 
nonlabitle yey Bhs reacts only very slowly with ligandse 
Therefore it would not be expected to be directly titratable 
in water or a nonaqueous solvente 

Peactions were stoichiometric, with single breaks et 2 
to 1 or 93 to 1 en to metal ratios, for all the transition 
metal ions that formed complexes (Figure 7) except for zinc, 
where two breaks were observed, the first at e less tran 2 
.'om al ratio and the second at a more ¢han 3 to 1 ratioe 
ips seaes) ret bersy was found in weighing the zine DMSO perchlorate 
salt because it tended to pick up moisture from the 
atmosohere readilye This could explain the less than two to 
one ratio observed for the first end pointe The second 
inflection was so broad and drawn out that lLocatior of the 
end point could only be roughly estimated; it probably comes 
at a. ratio of three to onee In weter bott two to one and 
three to one complexes have been found to exist in 
equilibrium with each other (12). 

The sharpest and largest potential break wes obtained 
with. copper. ate aft2r tol le ratioe "A previous ~ study of 
Cuena(ClO4g)2 %$in methanol, dimethylformamide and nitroethane 
(13) showed that the structure of the ccemplex is square 
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Titration of copper in the form of CulClOg)2e4CH3CN in 
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place of DMSO solvate gave identical titration curves to 
those in which DMSO was presente Therefore DMSO does not 
affect the shape of the curves. Perchloric acid was used as 
Amt et nae net for ene Quantitative results were obtained with 
two breaks at 1 to 1 and 1 to 2 en to Ht ratiose These agree 
with results previously reported by Zgoda and Petri (14). 

En proved to be a selective titrant for copper in the 
presence of calcium, strontium, and chromium(III), for 
iron( III ) in the presence of chromium(III) and for 
manganese(ITI) in the presence of chromium(III )e None of the 
results indicate an advantage in selectivity over aqueous 
systems using pH adjustment and maskinge 

Titrations of metal ions in the form of the hydrated 
salts MC CLO4g) e6H2O were not stoichiometrice The reason may 
be related to the contribution of protons present in the 
solution to the Ligands, and to the formation of metal 


hydroxidese 


Be Titrations with Diethylenetriamine 

Copper( II) showed a stoichiometric reaction with dien 
with very sharp potential breaks at 1 ee) It f.Weexel BF qeroy II 
ratiose Magnesium(II ), cobalt(II), and marganese(II ) 
produced small but sharp inflections at 2 to 1 ratioe 

Titrations of Zn(II), Fe(III), Ni€il), Co(II), Mnt( II), 
and Ca(II) were not stoichiometrice Figure 9 represents the 
relation between the potential and dien to metal ratio for 


several titrationSse 
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Ce Titrations with Triethylenetetramine 

Copper( II) is the only metal ion that yields a 
stoichiometric reaction with triene This may be due to the 
strong affinity of copper(II) for ligands containing 
nitrogen donating atomse The solid Cul(ClO,g )aoetrien cemplex 
has been previously isolated and studiede This complex has 
high stability and a square planar structure (15,16). 

The observed nonstoichiometry of trien with 
manganese(II ) might be the result in part, at least, of 
formation of mixtures of trien complexes of 1 to 1, 2 to 1, 
and 3 to 2 ratios which have been reported in ethanol and in 
water-methanol mixtures by Chiswell (17). This point is 
discussed later: IE Se may be that other metals such as 
nickel( II), jron( III), cobalt(II), and zinc(II) form with 
trien a series of complexes of more than 1 to 1 ratio ina 
similar waye Part of the uncertainty also can be attributed 
to difficulty in selecting reproducible end points from the 
drawn out, asymmetric titration plots. As rentioned earlier, 
the platinum electrode has not been used as an indicator 
electrode in complexation titrations of metal ions. Instead, 
usually the silver electrode or the mercury electrode has 
been employed as an indicator electrode in petentiometric 
titrations of metal ions with complexing agents (18,19). 
However the application of the platinum indicator electrode 
to titrations with aliphatic amines in acetonitrile offers 


several advantages compared to the other indicating 
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electrodese Platinum is simple and easy to use in that 
preparation and addition of other solutions such as 
mercury( II) complexes or silver nitrate is unnecessarye 
Also, platinum sometimes gives sharp and larger potential 
changes at end pointse 

How platinum functions as an indicating electrode in 
these titrations is not cleare Measurements of the 
potentials of a series of solutions of varying copper(II ) 
eoncentrations in acetonitrite with platinum indicating and 
Ssiiver-silver nitrate reference electrodes did not yield 
Linear or even reproducible responsee Pretreatment of the 
platinum with nitric acid or acidic iron(II) sulfate had no 
effecte These results indicate that the breaks are not 
likely to be due to a platinum-platinum ion redox couplee A 
possibility is a potential-shifting effect caused by 
adsorption or other interaction of the excess amines on the 
surface of the platinum after the metal is complexed. This 
explanation is supported by the fact that the titration 
curves are not Nernstian in shape, but instead flat, prior 
+o and after the inflections Figure 10 shows the response of 
platinum and copper ion selective electrodes to LOe Eto 
10-1 M trien in solution of 0.05 M LiClO, in acetonitrile, 
using a silver-silver ion reference electrodeée 

Ni( ClO, )2e6H20 was titrated with en using an SCE as the 
reference electrode instead of the silver-silver ion 
electrode, and the platinum electrode was used as indicator 


electrodee Potential breaks were obtainede This is an 
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indication that the breaks are not due to diffusior of trace 
amounts of silver ion from the silver reference compartment 
into the cell solutione 

Other indicating electrodes were investigated in 
addition to platinume These included carbon and a copper ion 
selective electrode. Cu(ClO¢ JoeSDMSO was titrated with dien 
using a carbon rod (Spex Spectroscopic grade), treated with 
hot wax to decrease porosity (20), in place of the platinum 
electrode. The remainder of the titration system was as 
previously describede The complexation reaction was 
stoichiometric with fairly sharp breaks of 120 and 300 
millivolts at Ligand to metal ratios cf 1 to 1 and 2 to le 

Cul ClOg)ae5DMSO was also titrated with en using a 
copper ion selective etectrode (Orion Pesearchy Model 
94-2924) instead of a platinum indicetor electrodee The 
results were not satisfactorye In four titrations inflection 
points were obtained at 22135 to 1, 2-143 to 1, 2-148 to 1, 
and 2.2145 to 1 ratios cf en to Cuft. The magnitude of the 
inflection was large enough to be useful for the estimation 
of copper, being on the order of 450 mV, but the inflection 
contained a significant wiggle which made end point location 
difficulte We conclude that platinum is the best choice as a 
material for the preparation of indicating electrodes for 
complexation titrations in acetonitrile because it gives 
better results and is more convenient than the copper ion 
selective electrode or the carbon rod electredee 
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investigated as indicating electrodes instead of platinum 
for titration of several metal ions with en and trien.e 
Figure 11 shows the relative magnitude of breeks at 
inflection points for potentiometric titration of copper(II ) 
ion with en in acetonitrile using three types of indicating 
electrodes: platinum, mercury-en, and silver-silver ione The 
largest break was cbhtained with the platinum electrode. 

Figure 12 shows the relative magnitude end shape of the 
inflections for potentiometric titrations of magnesium(II ) 
ion with trien in acetonitrile using platinum, 
mercury-trien, and silver-silver ion indicating electrodes. 
The mercury-trien electrode was the only one that was found 
useful for this system of titration; with this electrode 
magnesium( II) reacted in a clean stoichiometric sh Secy il 
ratioe 

Atl the titrations of metal salts with trien using the 
silver-silver ion indicating electrode gave stoichiometries 
that were greater than unitye Two reasons were considered 
for this, the first being titration of the silver ion added, 
and the second being uncertainty in selection of the end 
point in the poorly defined inflections of the titration 
curves as is illustrated by curve C in Figure AAG 
Calculation of the amount of silver nitrate added shows thet 
the end-point error owing to titration of the silver ion 
would be on the order of one percente This is considerably 
smaller than the errors observed in the titrations, which 


ranged typically trom 4 to 15 percente An end point that is 
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close to one to one stoichiometry must appear at the start 
of the potential changee This would occur if all the metal 
ion were complexed at that point and the silver ion formed 
so weak a complex with trien in acetonitrile that the silver 
ion concentration, and thus the potential, changed only 
eradually as excess trien was added. 

Similar arguments are not easily applied to the mercury 
indicating electrode system because no free mercury(II) ions 
have been added to the solution, and the stability of the 
mercury( {TI )-trien complex could be expected to be largee 
Furthermore, some of the titration breeks are quite skarpy, 
so ary eat end point Location is not subject to significant 
errore An explanation for these results cannot be posulatede 

Titration of aqueous solutions of manganese(II ) 
perchlorate or tetranhenylborate with an ethanolic solution 
of trien has been reported by Chiswell (17) to yield a 
precipitate of [Mnotrien3z ]X4enH20 at a titration ratio of 
two manganese(II) to three triene A one to one salt could be 
obtained by mixing Mn(ClOg)e2 and trien in equimoler amounts 
in ethanol and allowing the solution to crystallize over a 
period of weekse These results indicate that end points at 
ratioas of both ene to one and greater than ane to one might 
be expected for the manganese(II) and perhaps other metal 
titrations with triene This is seen in the 
manganese(II)-trien titration using a mercury-mercury( II ) 
trien indicating electrede; two smell breaks are observed 


(Table 11), the first at trien to manganese ratios of ebout 
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1-05 to 1, and the second at ratios of about 1422 to 1+. Only 
single breaks, however, were seen with the platinum and 
silver-silver ion indicating electrodes, at about 1.05 and 
12.14 to 1 ratios. 

In conclusion, from the results of titrations of a 
variety of metal ions with en and trien, as detailed in 
Tables 6 to 12 using various indicating electrodes, platinum 
is considered to be superior to any of the other indicating 
electrodes investigated, including the mercury, silver, 


carbon, and copper ion selective electrodes. 
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Figure 10. Response of Copper Ior Selective Electrode o , 


and Platinum Electrode 4 , to trien 
Concentration in 0.905 M LiClOg ir: Acetonitrile. 
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XIT.e INTRODUCTION 


Extensive studies of complexetion equilibria between 
copper(II) and the amine ligands en, dien,y and trien ‘in 
aqueous solutions under a variety of conditions of pE and 
ionic strength have been made over the yearse Stability 
constants determined for many of these systems have been 
tabulated by Martell and Smith (1)+-¢ Some work thes alse been 
done on these and related systems in nonaqueous solvent 
systemse For example, in 1961 Williams (2) determined the 
stability constants cof copper(II ) and copper(I) with eny 
1,10-phenanthroline (phen), and 2,2'=—bipyridyl (bipy) in 50% 
dioxane-water mixturese The stepwise formation constants of 
the chloro complexes of copper(II) and of copper(I) in 
acetonitrile were evaluated in 1965 by Manahan and Iwamoto 
+hrough a combination of spectrophotonetric and 
electrochemical methods (3)-e In 1969, Kratocnhvil and Yeager 
studied the ion-pair stability constants of the anions 
perchlorate, tetrafluoroborate and hexafluorophosphate with 
copper(I ) in acetonitrile by conductance measurements (4). 
In addition the stepwise formation constants of several 
other univalent anions with the chloride, bromide, iodide, 
nitrate, and thiocyanate salts of copper(I) in acetonitrile 
have been determined by potentiometric titration (5). 

In Part III of this thesis it was shown that copper(II ) 


can be titrated quantitatively with en, dien,y and trien in 


94 


r 


peweres. SYAd 1) 4054 feltaxelymos to an iboTe 
-al natan bee 9 G9 bb oe wbiieat? siiws ©2F Sas 
nie sal th tonisi eon de etajam:s Kehoe ep keeean, 


| v! | 
: w 
eretzanes eusek. SZ VD¥O" abAe need oY Bet appaerta | : 


“aaa ov nyt anota'rs 420i?) rh “agen sini isn Berard, eras 


ased sede sa Hinw Gace 4 rm ‘Vine See Sloe¥ra ga 
: | is 
tfraviews eeoRePPunor al aholrere nNernaisy bie zangocr7y ne 


4 


we urie 4 t pee io bite ijVisdoaos Ye ghtetenee 9h ebite 


yr * ser 
i aT Vi, “ 
sie Dentateres (2) ametitie (AQ nb (eTomere ney epeeeracga 
; 2 ; ‘ ; an 7 

‘ 


i 


"6.6 poe of nede). ee bosatacene 


puf red iyi) AED baypecn 


et 


. ai | | 
te HInetwons Fotthero, se laas!) HT tere ca ae- eee GS 


i 7 e = 
nt CiLiV¥enurs fa bae. Uilt Ife0ne 7 13e tT el who ta> eay 


: | ‘eet ieee 
atemed! 140° qenaasy ca Zari net bat oii ata .. ahe <s\argeee 


. a i 
ite sip een aag'4 seq te, bo fhenscanes * 


Vthlevt vhe Pivinectesd 808! of «TBR ‘ehoote wn Laat menos 
; rms ‘ gh : - +o 
*aolan ort ‘ee. a2 nazgene> yPhitkases 7d Gane > of? 


“ 


wri @Tatge odes oul % sxéa bac sFangdio2ob! her tet + 


“ a | ~~ 


ebb) =P n s\izvis ese IAAT oo Rea! ¥a olin? Laoreve nal 


Sanavee rs arne?» nds nea? neal - hag te oft 


! 


. samt reeeere vaetvorls: aat tis waget << 
iy thane oom: cs tt sage) int 8k prety 

“39 antag a GIF toy wa: 
ie aan 


1 ow 
Sev Say 
; 


ons 
7 
; 


siete carer 


~ 


Iylonl, 


95 


acetonitrile. Although the formation of complexes between 
copper(II) and amines is well known end has been 
exhaustively studied in aqueous solutiens, comparatively 
little information other than the data mentioned above is 
available in nonaqueous systemee The present work reports 
the epectrophotometric determination of the stability 
constants Ove: copver( II) with en, and dien, the 
spectrophotometric determination of the stability constants 
of copper(I) with phen and bipy, and the potentiometric 
determination of the overall formetion corstants of 
copper(I ) with eny dien, and trien, all in acetonitrile. 
With this information the analytical applicability of 
complexation reactions involving these species in 


acetonitrile can be more readily assessede 
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XIII. EXPERIMENTAL 


Ae Chemicals 

The purification of acetonitrile, en, dien and trien 
was as reported in Part Itle Also CuClOg*4CH3CN and 
Cu(ClG,4 )o*eSDMSO were the same materials reported in 
Chapter [Xe 1,10-Phenanthroltline (Fisher) and 2,2'-bipyridine 
(Ge Fe Smith) were used as receivede Anhydrous LiClO, (Ge Fe 


Smith) was dried overnight under vacuum at 60°C, 


Be Apparatus and Procedure for Spectrophotometric 
Measurements 
ALL spectra were recorded with a Cary 118 


spectrophotometere ALL solutions were prepared in a glove 
bag under nitrogen, by dissolving CuClO,g *4CH3ZCN, 
Cu(ClOg)2*SDMSOy, On, dien,y phen, and bipy in Oe1 M LiClO, in 
acetonitrile. A blank eolution of O-1 M LiClOqg in 
acetonitrile was used in the reference compertmert for all 
spectrophotometric measurementse Cne-centimeter quartz cells 
with Teflon stoppers were usea for both blank and sample 
solutionse The cell compartment of the spectrophotometer was 
thermostated at 25 + 061°C and was purged with dry nitrogen 
during the measurements to minimize possible water 
absorption by the solutione 

Copper(I) in acetonitrile does not absorb at the 


wavelengths used for the Culbipy)* and Cu(phen)* complexes. 
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Copper( II) absorption at the same corcentrations and 
wavelengths used for complex formation calculations were 
measurede From these values, molar absorptivities of 


copper(II) were determined by using the equation A = Cu bC 


where A is the absorbance, is the molar absorptivity of 


Sou 
copper(TI) perchlorate in acetonitrile, p is the cell path 
Length, 1 cm, and C is the copver(II) concentratione 

Molar absorptivities of 1 to 1 ligand to metal comvlex 
ratios of Cu*t, such as Culen)®t+t, and Culdien)2t+, were 
measured by preparing sotutions with a 1 to 10 ligand to 
metal ion concentretion ratio to ensure that all Ligand was 
present as the 1 to 1 complexe The concentration cf complex 
was calculated assuming all the ligand was in the complex 
forme This was verified by measurement of absorbances in the 
same way with ligand to metal ratios ranging from 1 to 8 to 
uv to 12; the same moler absorptivities were obtained in all 
casese A similar procedure was used for Culpthen)t and 
Cu(bivy)+, but with 1 to 300 ligand to metel ratioge The 
concentration of free metal ion was calculated by 
subtracting the concentration of the complex from the total 
concentration of metat ion addede The absorbance ot free 
metal ion was then calculated and subtracted frem the total 
absorbance to obtain the absorbance of the 1 to 1 complexe 

To determine Ky and Ka, the stability constants for the 
1 to 1 and 2 to 1 complexes of copper(II) with en, sets of 
five to eight solutions of different concentrations were 


used in each experimente The absorbance of each solution was 
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measured at two or three wavelengths, one at the wavelength 
of maximum absorption and the others on shoulders of the 
peake A separate calculation of each K value was carried out 
using measurements at each wavelength as independent setse 
None of the free ligands absorbed at the wavelengths used to 
measure complex formatione A similar procedure was used with 
copper(TI) and diene Increasing the dien tc copper(II) ratio 
up to 7 did not increase the absorbance of the Cu( dien)o2?t 


complex, or cause observable spectral shifte 


Ce Apparatus and Procedure for Potentiometric Titrations 

The titration cell was a borosilicate H-cell witt two 
compartments separated by an anion exchange membrane 
(American Machine and Foundry Coe, AMF A104-EC) in the 
perchlorate form (Figure 13). The mettod used for the 
conversion of the anion membrane from the chloride form to 
the perchlorate form was as discussed in Part II of this 
thesis. Electrical contact to the amalgam electrodes was 
made with a platinum wire sealed into the end of soft glass 
tubinge 

The indicating electrode was a saturated copper 
amalgamy prepared by electrolyzing an acgueous 0.1 M CuSO.¢4 
solution, slightly acidified with HaSCay, at ea current 
density of about 0.05 Af/em® until the mercury cathode 
contained about 1% copper by weigkt (5). The amalgam was 
stored under aqueous Oe.1 M HeSOq in a weighing bottle and 


exposed to air only when the bottle was opened for removal 
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of amalgame 


The reference electrode was a saturated silver-mercury 
amalgam in contact with silver perchlorate in acetonitrile. 
The amalgam was prepared (5) by placing 25 to 35 cm? of 
silver foil into a borosilicate glass tube with about 30 mL 
of mercury, sealing the tube in a flame and heating the tube 
and contents for 8 hours at 1009C with occesional shakinge 
The tube was allowed to cool to room temperature overnight 
before being opened. The amalgam was stored in contact with 
silver Tot Leese awe, dropping bottle, and portions were 
transferred to the reference compartment of the titration 
cell as needed with an eye droppere The silver emalgam half 
cell contains a solution of O.1 M LiClQg and 0.01 MW AgClO, 
It did not require deaeratione The potential of this 
reference electrode attained equilibrium within cecondse 

Data for the calculation of formetion constants were 
obtained by titrating copper(I) with the appropriate ligand. 
All solutions were prepared in purified, dry acetonitrile in 
a glove bag under nitrogene The titrant contained, in 
additicn to the ligand, the same formal concentretion of 
copper(I) perchlorate, generally 5-0 x 10 * M, and 0.1 M 
lithium perchlorate supporting electrolyte as the solution 
in the copper half cell, as suggested by Manéhan and Iwamoto 
(3). By maintaining a constant concentration of copper 
during the titration, treatment of the date is simplified. 
The ligand concentration typically was varied over the range 


ee | ADeaen ba; to 0.048 Me Titrant was added in 0.1 to 1 mL 
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increments to the copper half celle The solution in the cell 
was deaerated continuously by passing argon Zasy 
presaturated with acetonitrile, through ite Potential 
measurements were made to the nearest 0.1 mV with an Orion 
model 801 pH metere Approximately thirty seconds were 
required after each addition for the system to reach 
eguilibrium and give stable potentials. It was necessary to 
wait about thirty minutes to allow the cell potential to 
stabilize before starting the titrations. No stirring cther 


than argon bubbling was usede 
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XIVe RESULTS 


Teble 13 summarizes the concentrations of metal ions 
and amines taken, the wavelength cf maximum absorption found 
for each system, and values of log stability constants 
calculated from the spectrophotometric measurementSe 

Values for the stability constants of the two to one 
complexes of phenanthroline and bipyridine with copper(I) in 
acetonitrile could not be measured because the complexes 
decompose tao rapidly, as is indicated by the absorbance 
decreasing after solution preparation at a rate of about 10% 
per houre Figure 14 shows the relation between absorbance 
and time for the Cul phen)ot complexe Cu(bipy)t behaves in a 
Similar waye The absorbance of the sclutions used to measure 
the constants for the Cu( phen)* ard Culbipy)* conplexes also 
showed a slight decrease with time, but the error was 
negligible if measurements were made within twenty minutes 
of preparation of the solutionse 

1ESe was not possible to measure the formation constants 
of copper(I) with en, dien and trien in acetonitrile 
spectrophotometricaltly because of turbidity and precipitate 
formatione Overall formation constants for these amines with 
copper(I) therefore were determined potentionetrically, and 


are represented in Table 14. 
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SUMMARY OF OVERALL FORMATION CONSTANTS MEASURED 


POTENTIOMETRICALLY FOR COPPER(I) AND SEVERAL AMINES IN ACETONITRILE 
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XVe DISCUSSION 


Ae Spectrophotometric Measurements 

Le Newman and De Ne Hume (6) derived general equations 
by means of which successive formation constants of mixed 
and single ligand complexes could be determined from 
spectrophotometric datae The following section summarizes 
the portion of their work appliceble to the systems of 
interest here and gives the equations used in subsequent 
calculationse In these equations we have retained the 
symbols used by Newman and Hume for consistencye 

The first step in formation of a complex is expressed 


by the relation 


(Mxq] 
no ee (19) 
(MI]fx] 
where [CM ] and {x] are the metal ion and ligand 


concentrationse The general expression for eddition of 


subsequent Ligands to tne metal is 


CMX gtr ] 

K gtr po Tr amen a ares (20) 
(Mx If x] 

The absorbance at a single wavelength of a solution 


containing a series of complexes of M and X ig given by 


A = E(M] + Eg (MXq J Me Eqtr (MX gtr] Gie..ep 
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Ey Eq and E gtr are the molar absorptivities of metal ion, 
first complex and second complex, respectivelye When no 


ligand is present the absorbance is given by 


Equation 22 is used when the absorbance is measured with 
only metal ion of concentration Mo presente It is also 


useful to obtain the quantity A'"g 
Atop =) E-Xp C23) 


where Alta is the absorbance of the first complex when M is 
added in large excess to X, Ey is the molar absorptivity of 
the 1 to 1 complex, and Xg is the total corcentratior of 
Ligand under these conditionse The total concentration of 


Mis given by 
mM, = (M] + (ux, )] + (MX Qi, ] (24) 


where MX and MX 


q qtr are the first and second complexes 


produced by stepwise formation. 

Equations 25-27 were derived by Newman end Hume to 
calculate the stepwise stability constants for metel 
complexes where more than one species is present, but cne or 
all of which absorb Seine wavelengths usede These equations 


are useful in the systeme under study here, and are applied 
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as indicated later, 


Ny rap ef PN ea Se 
% (EM, De A oe z ot Foe (25) 
‘ah ag q t fe 
A-A! M /M A-A! M /M 
0 
Leg) aN pee baka ar ON tae + 1og K, (26) 
Ay M/% — A AN/Xy 7 AVM, 
Og Ay =q LOG: mee q A X + log K (27) 
ASM, O t Ag 0 e) 


In determining the first stability constant Ky for 
copper(II) and copper(!I) with the amines used ir this work, 
it was necessary to keep the ratio of amine to metel ion 
concentration at less than one to one so as to prevent the 
formation of appreciable amounts of higher complexes. To 
study Ko, the experiment was done at levels of 


X, comparable to those of M,+« Equation 27 wes originally 
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derived by Newman and Hume for conditions under which M, is 
greater than X, and two species are present, but only one 
absorbse In this study Equation 27 was used to catculate Ky 
for Cu(phen)* and Culbipy)*+. After substitution of gq = 1, 


AN"Ng = E1Xor and 1/E,= Xo/A"g the equation becomes 


Y | = , 
log A/EM. = 1 {log (X, A/E,)} + log K, 


where A is the absorbance and Eq the molar absorptivity of 
the complex, and X, is the total concentration of the 
Lligande 

Equation 26 was derived by Newman and Hume for systems 
involving two species, both of which absorb at the 
wavelengths used, and under conditions where M is 
comparable to X;, therefore this equation was used to obtain 


a value of Ky for the Cu(dien)**+ complexe After substitution 


 ] = = = xX = d 
of A'tg EMo eu [cu], and A''g - oO oe waeen { ien] + 
eauation 26 becomes 
A- a, [Cu] Ay — sae Cu) 
log Sf & = 1({ log (dien) , = il ou te OCmr 
Scudien (oles < Scudien “Cu 
where @ Clidien is the molar absorptivity of the Cul(dien)@+t+ 


complex, a, is the molar absorptivity of Cu?t, and the 


other symbols are as beforee 


Equation 26 was also used to obtain a value of Kg for 


the Cu(en)2+ complexe After substitution of A'g = EMo = 
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Cen], equation 26 becomes 


Cuen 
Se Ga \ewl A- a, [cu] 
Cu 
‘og | —— eh ai) ites, (en), - 1{ ——“4_* + log K, 
“cuen ae ‘ Scuen Fcu 


where Bcoen is the molar absorptivity of the Culen)<t 
complex, acy is the molar absorptivity of Cuf@+, and the 
other symbols are as hefores 

Equation 25 was used to calculate Ko for Culen)o2t and 
Cu(dien)oet because three species may be present 


simulteneously in solution, all of which absorbe Here E and 


E; are known, and so the equation was used in the form 


il 13 il MI, 
A=>—l/|— Cu], - A) —— -A+ 
Pale cules Ga At ayy (Cul, | aq t+ az [cul 
2 Ik it ie 
where ®cux is the molar absorptivity of Culen)*@t or 


Cu(dien)2+, az is the motar absorptivity of Culen)a?%t or 
Cu(dien)o?te. A least squares calculation of the slope when A 
is plotted against the term in brackets in eguation 25 gives 
the reciprocal of Kae 

It is observed in some cases that, for a given 
metal-ligand system, the absorption maximum of the complex 
shifts to longer wavelengths as the combining ratio 
increases (6). Figure ifs) represents the spectra of the 
copper(II) dien complexes in acetonitrilee It can be seen 


that the wavelength of maximum absorption shifts to longer 


“ 


AG Esk 


values in this systeme 

The stepwise formation constants of Cul(en)@t, 
Cu(en)2*t, Culdien)?+, and Cul(dien)o2+ in acetonitrile are 
comparatively smalter than the corresponding values obtained 
in aqueous) solutions (Table 15). AS will be noted later, 
this difference holds for all copper(II) and (I) complexes. 
Although acetonitrile is a relatively weak base compared to 
water (7), it may be that the interaction cf copper(II) with 
the nitrile group is significant, since copper(II) in 
general tends to coordinate with compounds containing 
electron donor nitrogen atoms such aS ammonie, amines and 
nitrilese Perhaps ion pairing of the divalent copper ion in 
a medium of lower dielectric constant also hetps stabilize 
uncomplexed copper(II )e 

Since copper(I) is stabilized in acetonitrile through 
relatively strong Lewis acid-base interaction with this 
solvent, the stability constants of Culphen)* and Cul bipy)t 
are emaller than the values in watere The stability 
constants of Cul phen)st and Culbipy Jot could not be measured 
in acetonitrile because the absorbance decreased after 
solution preparation at a ra te of about ten percent per 
hour, indicating decomposition of the complex. The nature of 
decomposition products in water or acetonitrile is unknown. 
Figure 14 shows the relation between absorbarce and time for 
the Cul phen)2t complexe 

Moss and Mellon (10) reported that copper(I) ion reacts 


with phen to give an orange color in equeous solutions, 


i] ’ i] 
on ; ” , 
r 
- | RS. 
et* fae hus to 2teeraiion no iF aegot . 


: a)ha 


see Slivtinetecs it. *F «Chath: bas St er tah tte 


hehinfes esiiav gelhvegeoiaes sift carts <9 if noe eee Bon 
a ‘ ° « 1 


seenF wataoe ect if iw 2A (2h -atuets Juceiiiee evoouea : 


4 4 


toe 
: 2 , v= 

seede@tiaumes (it toe If pesAnneo Fis 30% et}! at, eon ehe ge star v 

"s+ | . Se & 

et he” egGwsn ‘aed wae Crevdt<, fot. 22. aii inetecs daAgoontlsé 

seo ULL 4esaaca idiPora sn’ sit het® od Com Ot ,(T) *«eteq 


ut (PL xeag0> aonta ,tTwnotts va ke | avVov~u aljn7 ta ean? 


ausialstoos seAlogGans 29 he “RP ar ies3o°2 ot abaGt faranep i 
J 7 | 7 
bee aaeimue ,~SiacdaS 44 dove arc’r gon Pip soso 8 6nonroal» is 


* 


a) nel Vedas +e ev ib ota 86 acinied nel Sg aness ees iatin . 
setitd ara fuleat-oslhs trsefenro of4 t3ele4D  200G4 te mv ibeq A: i 


ef IT ears bt wes qeo cel us 


a i) 
daycare. wilatlsereoa f) necificera €). 2 resqgee.. e212 a 
ve, _ ! _ 
elAt wriw ma 17 vena A! azac@-bioe elweJld g,ee73Te <Tew\tolaa - 
=, - 7 ay 
; ae 
Hvetagi > Soe ttr'eHe tod 326 ateet eaas VF ligare aM at evden - 
' « 
- 


a9 ti ktdete ‘latts, petehew of » eoylew «8? kent el deme =oeee oe 
; . a] | 
= - 2 _ 
yervetae4 MH Foyiblyon tet vaeldiuo Soh “<sliedo tie Be ot gateno> S 
(s3%e2 beteerneh sodweshbide ' s49  dério4d. abet inetace ol 
, ca 
=. 


\ 
: ney 
Tey) tqssnen nay Peale 24 eras 6 he roe ses 


\ 


7 


; t 


to: Side ear exX@liqgnos wilt 16 weap hn Cou oer sodas ire a m 


ut iy? 
ae en at Sf vkcates' To vet eg ml at ie ; 


ape aot hes Sonedttseis apewtsd antral 9 ‘abit avon & 


L ‘ 


a 


7 ai \. rh +x hin hime 
signi my Di nea 7 


| - 


a) tae Sc hiae bec ne 


ae 


G 


"ES, & OUMES Wii) sees I wens ower WeeNGe ag) Ma Se) = Been (iy seis 
Of Uetp al CDS i Vr wSoxo dio os UoT DN 11 et oddOn sfOer I osda) me CT aotmlb ma 
WU 'U{HUd|aADAA 
OOZ 009 OOS 


eoupqiosayy 


am, ps 
pie? 


¥ tn 


ag 


(ay SEeen = Os) Trey, 20° | ware Kdtq oe 
(A TAS = Ge eee: 70: = 88°z uaud rhe 
Grr) te = 0s Wie = eee (ar Su 50 mene udeTp tt 
ei) eo = WAG mie? 3 enee (SPIN? as On Git ee eo 6 us Mas 
0°H UT Nelatte ut 0°H ut No* HO ut oUuTUY uolL 

a fe ie ee TeIO8W 


UaLVM GNV WILYLINOLAOVY NI SaxXd'TdWwoo 


ANIWVW-YAddOO TWHHAUS HAO SLNVLSNOO ALMILIGVLS WO NOSTYVdWOO 


‘Sled lav 


eee ay mu 


7 —_ 
39 ange 
“ay 


tery y 


eno 


followed by slow precipitation of the cemplexe The time 
required for precipitation to occur depends on the copper(I) 
ion concentration. Precivitation is prevented entirely by 


the presence of certain alcohols or other solvents miscible 


with water including ethyl carbitol 
(CH3CH20CH2aCH2a0CHeCHsOH), methyl carbitol 
(CH30CH2CHas0OCHsCHsOH ), dioxane, and methyl cellosolve 


(CH30CHsCH>s0OH), but all of these solvents cause the fading 
of the orange color with time except for methyl carbitol. 

With en we found that the values of tog po for the 
copper(I) and copper(II) complexes in acetonitrile are of 
the same order. The reasons for this are not cleare 

Ky for the Culdien)?*+ complex was found te be larger 
than Ko for Culdien)o?+, which is in egreement with the 
results obtained in water (1,8) and with the general trend 
for most metal-ligand systemse Potentiometric titraticns of 
copper(II) with dien give two clean, well separated treaks 
corresponding to formation of 1 to 1 and 2 to 1 complexes. 
It seems reasonable to assume that the central metal ion is 
surrounded by the tridentate dien ligand, leaving only one 
coordination site available for the second ligande To form 
the 2 to 1 complex, one of the NHs groups on the end of the 
first molecule of dien may dissociate tc be replaced by an 


NH2 group from the second Ligande 
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Be Potentiometric Titrations 

Overail formation constants of copper(I) with en, cien, 
and trien were determined potentiometricallye Values of 82 
were calculated on a point by point basis from data taken at 
ratios of ligand to copper of more than two (5)e Assuming 


the concentration of CuLt to be negligible, 


Cut + 2L —— CuLot (28) 
{CuL2* ] 
B2 Rot | Raat aenth tates ein sed ee (29) 
Perea Pte Ie 


ie Ore lalate OU CuloS |] (30) 
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where (CuLs*+] = concentration of complex at any point = 
em = eto | 
eS concentration of free ligand at any point = 


RTI oe PIE eee 1 


( cut ] = concentration of free copper(I) et any point 
{L]° = total concentration of ligand 
{Cut ]9 = total concentration of copper(I) in 


solution 
The free copper concentration was calculated from the 


change in cell potential, using the Nernst equation 


NEw Oe 0591. leew Cut |o/feun) (73 19) 


where AE is the potential shift from the value before any 
Ligand nas been addede 
Values) of Bo were calculated using the following 


equation 


Some wee nL ote Cutsem cu )oe— 20 320) 


Results for the amines investigated are given in Table 14. 
Previous studies of the determination of stability constants 
of copper(I) with eny phen, and bipy in acueous solutions 
have reported values of log 62 only (1)3 no values have been 


reported for the stability constants of copper(I) with dien 
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or triene In the present work we calculated log §8o2 for 
CuCen)at, Culdien)ot and Cultrien)st complexese Since we 
observed only one potential break at a 2 to 1 ligand to 
copper(T ) ratio for all the potentiometric titrations, it 
was conc lLuded that the comonlexes for the 1 to 1 ligand to 
metal ratio are unstable and disproportionate in a way 
similar to that discussed by Manahan and Iwamoto (3) for the 
copper(I) chloride system in acetonitrile. 

From the results shown in Table 14 we see ttrat log Bo 
for the Cul(dien)ot complex is larger than log fo for either 
the Cul(trien)st or the Culen)ot complexes. Assembly of 
molecular models of the complexes of en, dien, and trien 
with a tetrahedral configuration for copper(I) ion showed 
that two molecules of en can fit easily around copper(I )e 
Dien can complex copper(I) in two wayS, ore with three 
nitrogen atoms from one dien ligand and only one from a 
second dien coordinating to the metal ion, and the other 
with two nitrogen atoms from eack dien coordinatinge The 
second of these alternatives seems more likely, because 
models indicate there may be some _ steric hindrance to 
attachment of the third nitrogen from a single dien; however 
the large #2 value for dien over en may be the result of 
coordination of all three nitrogen atoms of one dien to at 
least some extente In the case of trien the third and fourth 
nitrogen atoms may coordinate to some extent, but the fourth 
will be much weaker than the third for steric reasonse 


Therefore coordination of a second trien molecule to one of 
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the sites may occur, although increased interference from 
the free —-CaH«aNHo groups appears to preclude formation of a 
complex in which two trien ligands each occupy two 
coordination sites on copper(I)e For these reasons fo for 
trien is smaller than that for dien with this ione In 
addition we observe from this work that the etability 
constants of copper(I) and copper(II) investigated in 
acetonitrile are smaller than the corresponding values in 
aqueous solutionse This is because acetonitrile has a 
nitrogen donating atom which stabilizes botr copper(I) and 
copper(II) ions more than the oxygen atom in watere 

In the present work we observe that log Bo for 
Cu(dien)ot is larger than log fo for Culdien)a2t. The 
reasons for this difference are uncleare Jares and Williams 
(2) have reported that copper(I ) forms complexes with 
pyridine in aqueous solutions that are more stable than the 
corresponding complexes of copper(II). Also, thre shift in 
potential of the copper(II )-( I) couple to more positive, and 
+he copper(I)-(0) couple to more negative values on addition 
of acetonitrile to aqueous) solutions of copper(I) (11), 
indicates +he greater strength of copper(I )-acetonitri le 


complex formation compared to that cf copper(II )e 
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APPENDIX 


IE PA®) 


TABLE Al. 


a 
SAMPLE SET OF DATA FOR CALCULATION OF ai FOR Cu(PHEN) IN TABLE 13. 


Absorbance 


: , 5 ; oP 
Final Concentration Final Concentration Phen:Cu at X}\ max. 


Ee ae 
(SEI MCy | Sea AO) Sige M offphen sing lOtml, iM ratio 356 nm Log iS 
-004162 4.036 x 100° 0.0096 ORmOI a, 2.86 
wy Hi = 0.0954 2.02 
si MY a 0.0994 289 
Hy . 4 Oo 1Oiw4 2s 
we a 0.0989 Se) 
-01248 4.036 x Tor ,OO32 = L3IO® 


“UP a 
Molareabsorptivity of Cu(phen) at 356enm:) = 3220 


Value of log Ky calculated from above data: 2.8810.14 
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TABLE A2. 


Nya" 


+ 
SAMPLE SET OF DATA FOR CALCULATION OF Sy FOR Cu(BIPY) sINeTABLEs 13. 


Final Concentration Final Concentration 


+ 
Of Cue in 1Oiml, M Of bipysingl Oem), M 


Absorbance 


+ 
Bipy:Cu at A’ max. 


ratio 350 nm Log K 
0.004162 4.124 x ‘leh 0.0099 0.0866 3.00 
. a. ue 0.0868 32,01 
de : 0.0868 3201 
ia + se 0.0854 2.98 
0° 01248 A124 x Tome 0.0033 OF 1070 
+ 
Molar absorptivity of Cu(bipy) at 350" nm: 2595 
Value of log K, calculated from above data: 3.00+0.02 
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TABLE A3. 


+ 
SAMPLE SET OF DATA FOR CALCULATION OF cr FOR Cu (EN)? IN TABLE 13. 


Net 
: : ‘ : a 
Final Concentration Final Concentration aients absorbance 
2 : : 
oH Cw rn SLOSm):, eM OteeneinelLOsml, aM ratio at 570 nm Log K, 
-3 -4 
An SIL 2 b© 5.90 * io 0225 0.0445 3.86 
ieee one 0.50 0.0703 3.86 
: Teme2 on 0.69 0.0928 enon 
uy 7s Wik & TO Oi 7S 0.0953 3.75 
z 23.61 x 10 — 1.00 0.1160 3.87 
-3 
253 ss Ike O @) © O145 
Molar absorptivities-at 570 nm: Aay2+ = 6.17; = Tele 3} 


Value of log K calculated from above data: 3.85 


Average value from three sets of independent data: 3.63140.06 


TABLE A4. 


+ 
SAMPLE SET OF DATA FOR CALCULATION OF K, FOR Cu (EN) 5 JEN) WANE Hn, ILS} 


Net 
Final Concentration Final Concentration EnCus Absorbance at 
2+ , 
Cue (CW inet Onie iM of ensan LOomi, iM ratio 550 nm 
-3 -3 
2 Halk, XS IG BONS °S INO ies als 0.1094 
" 2.952 x 10° 1.25 0.1187 
s 2730 10" 1.40 0.1253 
W =s 
3554) 2s IG I 5O O, 1264 
“4 1 
35 72% Io iL SS} 0), SIL 
ce Soak 0 fo) 0.0078 
Aa y2+ = 3, 3 


Value of log K, obtained from slope of plot of above data according to Eq. 
DDG 2. As) 


Average value from three plots of independent data: 2.3310.06 
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TABLE A5. 


+ 
SAMPLE SET OF DATA FOR CALCULATION OF a FOR Cu (DIEN) * TN EATS Te Biles 


ag a a a a sr ee a ee ce I 


Net 
Final Concentration Final Concentration Dienvcuce absorbance 
ett 
Guz Cw tn Oem), M Srecren ernie Oem ti ratio at 580 nm Log iT 
=3 =A 
25488" x 10 2209. Le ae2s 0.1009 4.00 
uw -4 
102072 ono 0.44 Oeie47 eneg 
iw oe ae tO ae 0.49 Oulle7s 3.89 
Ve We 0.55 © je 3.97 
: iG Gs & ae 0.61 0.1626 2087 
w We ae ee 0.66 Onl730 3792 
" Ves 0e One 0.1875 4.00 
u eee & Ger OMT 0.1990 3.85 
—3 
Sars a0 0 0 0.0205 


Molar absorptivities at 580 nm: aa y2t = Seas ) 2+ = 112 


*cu(dien 


Value of log S calculated from above data: 3.92 


Average value from three sets of independent data: 3.8740.06 
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TABLE A6é. 


SAMPLE SET OF DATA FOR CALCULATION OF y ROR Cu (DIEN) 5” TN “TABLE 13. 


Final concentration Final concentration Dien cnc! Net absorbance 


Dao), 
Oe Cu in 10 ml, M Ofedvensin el.0 wil, M igGEAL©) at 650 nm 
a eee Se Se Oss Me A ee Bo eS ee a 
-3 =3 
2.4383 x 10 D Vey Se aN KS) Om 
W -3 
peal aha R KO) 1.25 0.1900 
W -3 
Bee ose) 10 1832 0.1875 
" -3 
a. 528) = 110 P42 Onto 32 
otF0s Gn 149 0.1950 
ti : = ee 
ereon Ie 1.56 0.2044 
“ ACR Oe 1.65 @. 2041 
=3 
DEAGSa x al ) 0 0.0610 
aie -4 
2.483 x 10 De A Aes IG Cuil 0.0739 
271.4 


eCuldien) 2s 


Value of log K, obtained from slope of plot of above data according 


eo He, 258 2asiz 


Average value from three plots of independent data: 2.33140.06 
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TABLE A7. 


SAMPLE SET OF DATA FOR CALCULATION OF By FOR Cu(EN) 5 IN TABLE 14. 


ml of AE fi: ct 

€itrant in’ mV [cut ] feut | len] < [en] Log B'5 

added (from Eq 32) 
-5 -4 -3 = 3 

5,0 66 5 5 Obs 116) 6.43x10 350) iLO 6.74x10 5 Ale 
=o " =3 eo 

Ceo Al 4.06x10 9.25x10 Fo DS LO 5) 5 4\iL 
-5 = -3 =3 

UVsO 76 Cyectcha ne) OA <ak© SNe EAS LO) 5 SH 
-5 -3 -3 

SeiO Sib 2s WAR MO) Wi Lal Ze Le ILO) ILS ©) Seen 
-5 -3 = 3) 

0 82 2 SOP AMC " 1 ALO Lil 5 15 iLO 52's 
-5 é —4 -3 

ORO 83 2, Ses Le 135 3k 12 Oxi 55425 


sy will Gs Oa * ae M copper(I) perchlorate in acetonitrile was ti- 


= ee ’ +e 
trated with 4.01 x—10 M en containing the same concentration Oi CU 5 


Value of log B. Calculated from above data; 5.35 


Average value from three sets of independent data: 5.281.07 
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TABLE A8. 


+ 
SAMPLE SET OF DATA FOR CALCULATION OF B, FOR Cu{DIEN}, IN TABLE 14. 


faq one 
(eameieeiae fae + te pode 2 
eine in mV few ] (em) 2 faven}e [dien] (Sr6nBEq 32) 
-5 =f 2 =3 
5 da ona Oxl@ Sy 2 7h 10) i 5 O4 Is LC Ay esi.) 8595) 
-5 < = =) 
6 LZ) 4.69X10 hg LS) Ws ILO) 10.96x10 9.96 
= s =o) 23 
7 L223 Al. Mees 10) 15 333s. LO 1D 5 2S ILO) Ome 
-5 “5 =e 
8 6 3.6 f Se : LAS 7 LO 13). Dex LO ) 7 
-5 , =) 2 
9 WAT 355) PS ILO lS ales) 14769x1L0 2). Be 


-4 siete : 
LS wil @i S.O27 * 1 M copper(I) perchlorate in acetonitrile was t1i- 
=o) 3 
trated with 4.197 x 10 M dien containing the same concentration of Cu 
Value of log B, calculated from above data: 9.90 


Average value from three sets of independent data: 9.94+0.08 


“ 
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TABLE AQ. 


a 
SAMPLE SET OF DATA FOR CALCULATION OF B. FOR Cu(TRIEN) , IN TABLE 14. 


nial, @ue i 

Levant AE [Cu ] (ere [erien |.2 [trien] Log 85 

added in mV Eromenc 32) 
5 -4 -3 -3 

5 93 ha SSS ILO) 4.99xX10 4.28710 3, ZI LC G55 
-5 ; -3 -3 

onO5 95 IL 6 ZOQs Le, AL 9I29KT0 BeOS ike Qo83 
-5 bs =) me 

ae) i) Tk 6 ILANORS ILO) 5) ALS) PS ILO) 4.459x10 G5 3D) 
-5 =3 -3 

Smo 98 09610 Wy 5 Seas 10 Al SNS) 72S Ie Q@.27) 


-4 oats . 
Pomme Ote4 99. Xe O M copper(I) perchlorate in acetonitrile was titrated 
: Se 4 re: ; of 
wakieay I. Wile 2s Ale M trien containing the same concentration Oe CU 
Value of log B. calculated from above data: 6.40 


Average value from three sets of independent data: 6.404.05 
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